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Abstract 
Thraustochytrids have become of considerable industrial and scientific interest in the 
past decade due to their health benefits. They have been proven to be the principle 
source in marine and estuarine fish diets with high percentage of long chain (LC) or 
polyunsaturated fatty acids (PUFA). Therefore, the oil extracted from fish for human 
consumption is rich in PUFA with high omega-3 fatty acid content. 
Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) of all of the omega-3 
fatty acids, are considered beneficial essential oils for humans with a wide range of 
health benefits. These include brain and neural development in infants, general 
wellbeing of adults and drug delivery through precursor molecules. They have 
become one of the most extensively studied organisms for industrial oil preparations 
as PUFA extraction from fish becomes less profitable. Many forms of these 
Thraustochytrid oils are being trialled for human consumption all over the world.  
In Australia, there has been little research performed on these organisms in the past 
ten years. A few Australian studies have been conducted in the form of comparative 
studies related to PUFA production within the related genera, but not focussed on 
their identification or cellular and genomic characterisation. Therefore, the main aim 
of this study was to investigate the morphological and genetic characteristics of 
Australian Thraustochytrids in order to aid in their identification and 
characterisation, as well as to better understand the effect of environmental 
conditions in the regulation of PUFA production. It was also noted that there was a 
knowledge gap in the preservation and total genomic DNA extraction of these 
organisms for the purposes of scientific research. 
The cryopreservation of these organisms for studies around the world follows 
existing generic methods. However, it is well understood that many of these generic 
methods attract not only high costs for chemicals, but also uses considerable storage 
space and other resources, all of which can be improved with new or modified 
approaches. In this context, a simple and inexpensive bead preservation method is 
described, without compromising the storage shelf life. We also describe, for the first 
time, the effects of culture age on the successful cryopreservation of 
Thraustochytrids.  
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It was evident in the literature that DNA and RNA extractions for molecular and 
genetic studies of Thraustochytrids follow the classical phenol-chloroform extraction 
methods. It was also observed that modern protocols failed to avoid the use of 
phenol-chloroform rather than improving preparation and cell disruption. In order to 
provide a high quantity and quality DNA extraction, a modified protocol has been 
introduced that employs the use of modern commercial extraction kits and standard 
laboratory equipment.  
Thraustochytrids have been shown to be highly conserved in their 18S rDNA gene 
sequences, which is used as the current standard for identification. It was 
demonstrated that the 18S rDNA gene sequence limits the recognition of closely 
related genera or within the genera from each member. Therefore, it was proposed 
that another profile, such as a randomly amplified polymorphic DNA (RAPD) based 
profiling system, be tested for use in the characterisation of Thraustochytrids. The 
RAPD profiles were shown to provide a unique DNA fingerprint for each isolate and 
small variations in their genome were able to be detected. This method involved the 
use of a minimum number of standard arbitrary primers and with an increase in the 
number of different primers used, a very high discrimination between organisms 
could be achieved. However, the method was not suitable for taxonomic purposes 
because the results did not correlate with other taxonomic features such as 
morphology.  Another knowledge gap was found with respect to Australian 
Thraustochytrid growth characteristics, in that these had not been recorded and 
published. In order to rectify this, a record of colony and microscopic features of 12 
selected isolates was performed. The results of preliminary studies indicated that 
further microbiological and biochemical studies are needed for full characterisation 
of these organisms. This information is of great importance to bio-prospecting of 
new Thraustochytrids from Australian ecosystems and would allow for their accurate 
identification, and so permit the prediction of their PUFA capability by comparison 
with related genera/species. 
It was well recognized that environmental stress plays a role in the PUFA production 
and is mainly due to the reactive oxygen species as abiotic stress (Chiou et al., 2001; 
Okuyama et al., 2008; Shabala et al., 2009; Shabala et al., 2001). In this aspect, this 
study makes the first attempt towards better understanding of this phenomenon by 
way of the use of real-time PCR for the detection of environmental effects on the 
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regulation of PUFA production. Three main environmental conditions including 
temperature, pH and oxygen availability were monitored as stress inducers.  
In summary, this study provides novel approaches for the preservation and handling 
of Thraustochytrids, their molecular biological features, taxonomy, characterisation 
and responses to environmental factors with respect to their oil production enzymes. 
The information produced from this study will prove to be vital for both industrial 
and scientific investigations in the future.   
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Chapter 1: Straminipilan Protists: A study of their taxonomic 
position, morphology and abiotic stress mediated gene 
expression 
1.1 Introduction  
Thraustochytrids are a group of unicellular protists of the domain Eucaryota, which 
are now classified as Straminipila and are found exclusively in marine and estuarine 
environments. Their classification is mostly based on their morphological 
characteristics and has raised many issues relating to their characterisation, apart 
from either algae or fungi. Since they have become of great interest in the recent 
years due to their high level production of long chain polyunsaturated fatty acids 
(LC-PUFA) of the omega-3 branch of fatty acids, it is important to understand the 
correct taxonomical placement of these organisms. These LC-PUFA or PUFA have 
been recognised for their health benefits in humans. Therefore, it was considered to 
be of great importance to identify the morphological features, molecular biological 
approaches to taxonomy of these organisms and the genetic regulation of their oil 
production capability under various different environmental conditions.  
 
1.2 Knowledge gaps (as informed by Chapter 2 - Literature review) 
There is a continuing discrepancy observed in the correct identification of 
Thraustochytrids within the scientific data published to date. It was found that the 
limited and partial genetic information available in the GenBank database and the 
presence of highly conserved regions in the 18S rDNA gene sequence led to 
inadequacies in identifying closely related genera or species in the same genera. 
These inadequacies have prevented the development of a supportive taxonomic 
system. It has also been observed that the Australian Thraustochytrids have not been 
fully documented with respect to their morphological and genetic features, which are 
vital for classification, at least in the taxonomic systems used to date. 
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It was also discovered that there has been little research published on the handling of 
Thraustochytrids in particular the optimisation of live culture preservation. Some 
researchers have studied the effectiveness of cryopreservatives used, but none have 
reported the importance of culture age as a critical survival factor during 
preservation.  
Another aspect that has been poorly studied is the effects of environmental stress as a 
regulator of their gene expression, particularly in relation to PUFA production.  
 
1.3 Hypothesis and Aims 
In light of the identified knowledge gaps, the following hypotheses were formulated:  
Firstly: That a novel, universally applicable taxonomy may be devised based on 
RAPD-PCR analysis of the Thraustochytrid genome; and  
Secondly: That PUFA gene regulation, under the influence of various stressors, will 
explain the changes in PUFA levels and composition that occur in the laboratory and 
their natural environment. 
Aims and objectives were established in order to investigate the hypotheses, 
including developing an advanced approach to both Thraustochytrid taxonomy, 
physiology and gene regulation. The use of RAPD-PCR for taxonomy, establishment 
of suitable growth and storage factors and real-time PCR in gene expression study 
are regarded as novel methods for the identification and storage of Thraustochytrids. 
 
The hypothesis was to be investigated by the following aims:  
Aim 1: To develop a novel classification system for Thraustochytrids using a RAPD 
maker system which employs short arbitrary primers producing a fingerprint for the 
polymorphic loci in the Thraustochytrid genome;  
Aim 2: To identify properties related to the growth, storage and DNA extraction 
methods, required in order to study Thraustochytrids; and 
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Aim 3: To study the regulation of PUFA production under stress using quantitative 
RNA analysis of the key gene, following growth in various stress conditions such as, 
pH variation, oxygen availability, and temperature variation.   
 
In order to fulfil these aims, a number of objectives were identified. These are 
described in detail in the following paragraphs.  
Aim 1: Novel Classification System Using RAPD 
The first objective was to sequence and analyse 18S rDNA in order to attempt  
identification of unknown Thraustochytrids from the Cellborne Thraustochytrid 
Collection using the GenBank database. 
The second objective was to design a RAPD-PCR analysis to further classify the 
identified Thraustochytrid collection using the RAPD-PCR profile as an improved 
more informative classification system for Thraustochytrids. Common arbitrary 
oligo-primers were used to produce the RAPD-PCR profiles. The oligo primers are 
generic and non-specific across both plant and animal kingdoms. However, they are 
selective for specific sites on each genome. A single set of these primers were used 
to establish the RAPD-PCR based classification system for Thraustochytrids 
obtained from the  Cellborne Thraustochytrid Collection. As RAPD-PCR does not 
require prior sequence information, or time consuming and expensive steps involved 
with rDNA profiling, this method was expected to provide a rapid identification of 
unknown isolates.  
 
Aim 2: Methodology  
It is important to understand the ideal conditions of cryopreservation and revival of 
Thraustochytrids and also the DNA extraction for future studies. Since glycerol 
preservation is the only methods that have been used to preserve Thraustochytrid 
isolates understanding the usability of other methods may prove useful. A 
considerable lack of understanding and avoidance of novel methods by scientific 
community prevails when it comes to these organisms. Publications available up to 
mid 2012 still use conventional and laborious DNA extraction methods. Therefore a 
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detailed study into the storage, cellular morphology and successful DNA extraction 
protocols were investigated and tested for feasibility. 
 
Aim 3: Regulation of PUFA pathways under stress conditions 
The Δ-5 desaturase enzyme was selected as the candidate for the identification of the 
expression of the fatty acid synthesis (FAS) pathway. The regulation of PUFA 
production under aerobic conditions in response to stressors pH, O2 and temperature 
will be tested. A single culture EMRG543 (Thraustochytrium aureum) will be used 
as the candidate organism. A real-time PCR method will be established in order to 
monitor the up- and down-regulation of the ʌ-5 desaturase gene under various natural 
conditions. The up/down regulation of the gene in response to each stress factor, 
separately and in combination, will be monitored using qRT-PCR. The objective will 
be to identify the optimum levels of factors that either up- or down-regulate both 
EPA and DHA production. This information will be useful for the enhanced 
commercial PUFA production depending on the targeted end product.   
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Chapter 2: Literature Review 
2.1 Introduction 
Lipids are a source of energy and an essential constituent in cells and tissues (Bergé 
& Barnathan, 2005). Long chain polyunsaturated fatty acids (LC-PUFA or PUFA), a 
group of lipids belonging to the triacylglycerols (Jakobsen, 2008), have been 
recognised for their unique structural characteristics, which account for various 
health benefits in humans (Huang et al., 2001). In this context, ω-3 long chain fatty 
acids (ω-3 LC-PUFA) have become a popular nutritional supplement or a functional 
food (Burja et al., 2006). Though their demand is increasing in the world market, 
currently fish and krill oils remain the only commercial source of ω-3 LC-PUFA. 
Given the decline in marine fish stock and forecasted decrease in ω-3 LC-PUFA, the 
health benefits they deliver may soon become unattainable (Burja et al., 2007).  
Fish accumulate these fatty acids from microorganisms which they feed upon and, 
the traditional fish oil industry is based on “oily” fish such as sardines, salmon, tuna 
and herring (Burja et al., 2006). PUFAs are found in relatively low concentrations in 
fish oils and the production process is difficult (Burja et al., 2007). This results in a 
high market value for ω-3 oils, as currently their most common source is fish. 
Consequently, other means of LC-PUFA production have attracted  research 
attention and reports of many microorganisms mass-producing PUFA (Burja et al., 
2007) have resulted. One such account is that of the marine protist, Thraustochytrid, 
which produces large quantities of PUFA. Due to their ability to over-produce 
PUFA-rich triacylglycerols (Jakobsen, 2008) in their lipid biomass (Anbu et al., 
2007) consisting mainly of docosahexaenoic  acid (DHA; 22:6n-3), eicosapentaenoic 
acid (EPA; 20:5n-3), arachidonic acid (AA; 20:4n-6) and other PUFA (Burja et al., 
2006; Huang et al., 2003; Jakobsen et al., 2008; Jakobsen et al., 2007) the 
Thraustochytrids have been of increasing interest to researchers.  
As the production of fish-oil-based PUFAs is at risk it’s a profitable endeavour to 
embark on studies of the primary producers of PUFA for better commercial gains. 
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2.2 The Thraustochytrids 
2.2.1  General Description, Microscopy and Habitat 
Thraustochytrids are a group of unicellular, osmoheterotrophic protists of the 
eucaryota (Bongiorni, 2012); exclusively prevalent in marine and estuarine 
environments (Jakobsen et al., 2008; Jakobsen et al., 2007; Raghukumar, 2002, 
2008; Taoka et al., 2008) that subsist with their unique network of ectoplasmic net 
(EN) elements (Figure 2.1) composed of rhizoid-like sagenogenetosome (Cavalier-
Smith et al., 1994; Raghukumar, 2008). They have been classified into the class 
Labryinthula of the kingdom Chromista or Straminipila (Burja et al., 2006; 
Raghukumar, 2002).  
However, due to their combination of fungoid (Burja et al., 2006) and algal features, 
current classification is controversial. They are abundant in marine sediments, 
tropical and sub-tropical mangrove organic detritus (Figure 2.2), decomposing plant 
matter (Burja et al., 2006; Perveen et al., 2006), and also as pathogens of edible 
marine invertebrates (Mo & Rinkevich, 2001; Scharer et al., 2007).  
The genomic properties of Thraustochytrids also vary among the species. Anbu et al. 
(2007) have reported that the number of chromosomes in Thraustochytrids varied 
from 8 to 17 and the total genome size ranges from 9.93-12.9 megabase pairs. 
However these results were generated using only four species of Thraustochytrids, 
therefore, the potential range of chromosome numbers and total genome sizes is not 
fully understood. 
Thraustochytrid populations found in the upper 150m water column of the Arabian 
Sea varied between 100 cells L-l  to 106 cells L-1  depending on the nutritional and 
other physical conditions in the marine water columns   (Raghukumar, 2002).  
Further, Raghukumar and Raghukumar (1999) reported Thraustochytrids up to 6.68 
x 106 cells g-1 from faecal pellets of salp (Pegea confoenderata) in the Arabian sea. 
They have also been detected in water sampled from oceanic depths as deep as 
2000m below sea level in the North Sea (Ramaiah et al., 2005).  It is understood that 
Thraustochytrids with their osmo-heterotrophic mode of nutrition, are able to 
remineralise particulate and organic matter (Damare & Raghukumar, 2008) and so 
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are involved in carbon cycling and PUFA production in mangrove sediments (Fan et 
al., 2007).   
  
Figure 2.1. Cells of Thraustochytrid with the 
EN elements growing on nutrient agar 
medium  
Scale bar = 20µm (Raghukumar, 2002).  
Figure 2.2. Thraustochytrid cells in 
phytoplankton detritus. Stained with 
acriflavine direct detection technique  
Scale bar = 10µm (Raghukumar, 
2002). 
 
Recent studies have shown that Thraustochytrids are well adapted to the coastal 
sediments and can be used in detecting fish farm impact on certain marine 
ecosystems such as sea grass beds (Bockelmann et al., 2012; Bongiorni et al., 2005b; 
Hong et al., 2012; Siboni et al., 2010). Thraustochytrids have been associated with 
marine plants such as epibionts, as parasites in a number of molluscs, as non parasitic 
associates in marine invertebrates, and as saprobes on marine animal material, thus 
participating in the ecological balance. They are also linked as important members of 
the marine food webs with the production of PUFAs rich in DHA and EPA. Sparrow 
(1969) and Raghukumar et al. (2000) reported that Thraustochytrids were primary 
(first) colonisers on inorganic surfaces such as plastics, glass, aluminium and 
fibreglass submerged in seawater. It was shown that certain mollusc larvae including 
barnacle, Balanus amphitrite, settle better on Thraustochytrid-settled surfaces.    
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2.2.2 Reproduction 
Reproduction of Thraustochytrids is usually asexual by formation of biflagellate, 
heterokont zoospores (Damare & Raghukumar, 2010; Fan et al., 2002; Tsui et al., 
2012) bearing an anterior flagellum (Figure 2.3) with mastigonemes (Yokoyama & 
Honda, 2007). Their multilamellate cell walls are composed of dictyosome derived 
from circular scales with sulphated polysaccharides (Bongiorni et al., 2005a) and 
proteins (Jakobsen, 2008). The vegetative stages consists of cell-shapes ranging from 
globose to subglobose, and measuring from 4 to 20µm in diameter (Bongiorni et al., 
2005a) in liquid or solid media (Figure 2.4).  
 
  
Figure 2.3. Biflagellate zoospores of 
Thraustochytrids.  
Scale bar = 5µm (Bongiorni et al., 
2005a). 
Figure 2.4. Thraustochytrium 
gaertnerium colony on modified 
Vishniac's agar medium.  
Scale bar = 50µm (Bongiorni et al., 
2005a). 
 
2.2.3 Isolation   
Thraustochytrids can be isolated from many different sources of marine 
environments such as fallen mangrove leaves, sea grass, algae, coastal waters and 
sediments (Jain et al., 2005; Yokochi et al., 2001).  
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2.2.3.1     Media used for isolation 
The basal medium has  been modified by various researchers, most likely as a means 
of developing suitable media with the resources available, and as a result a variety of 
solid and liquid media have been described in the published literature (Burja et al., 
2006; Jakobsen et al., 2007). However, the basic components generally consisted of 
polypeptone, yeast extract, potato extract acting as nitrogen sources and glucose 
providing a carbon source. It was also found that the addition of Tween 80 
(polyoxyethylene sorbitan monooleate) enhanced the nutrient input to the cell due to 
its action as a surfactant (Taoka et al., 2008). The dilution medium has also varied 
from sterile water to sterile natural sea water or artificial sea water (ASW) with 50% 
salinity (~1.5% NaCl w/v; Tropic Marine Aquarientechnik, Wartenberg, Germany).   
The GPY medium described by Huang et al. (2001), was used to isolate 
Thraustochytrids from seawater samples and modifications of the medium support 
better growth, demonstrated by high biomass production. Good growth was observed 
at 75% salinity, 4% glucose and 1% polypeptone levels, resulting in the production 
of 5.5g PUFA per litre of biomass. Kumon et al. (2005) used  soybean oil (SBO) and 
soybean lecithin (SBL) in polypeptone yeast extract medium (PY) to increase the 
growth and the use of Tween 80, KH2PO4 and tomato juice (TPTW) to significantly 
improve the isolation of Thraustochytrids when incorporated into glucose yeast 
extract polypeptone (GYP) medium (Taoka et al., 2008). The Thraustochytrid culture 
medium (TCM) described by Lewis et al. (2001) was considered to be highly 
selective for the Tasmanian strains of Thraustochytrids. The properties of some of 
the currently used media are shown in Table 2.1. 
2.2.3.2 Isolation Protocols 
Preliminary isolation is usually performed by the pollen (pine or maple) baiting 
method described by Porter (1990). However, many other methods have been 
introduced in the recent past from marine to mangrove inhabitant Thraustochytrids 
(Bockelmann et al., 2012; Burgaud et al., 2009; Hinzpeter et al., 2009; Mariana Rosa 
et al., 2011; Wilkens & Maas, 2012). Porter (1990) incubated samples with γ- 
irradiated (246 kGy) sterile pollen suspended in a liquid culture medium often 
including antibiotics (Bremer, 1995; Raghukumar, 1992).  After incubation at 18°C 
(Burja et al., 2006) to 25°C  (Jakobsen et al., 2007) for three to five days, single 
pollen particles were streaked onto a basic nutrient medium such as potato dextrose 
 13 
 
agar medium or yeast extract and peptone medium. Antibiotics such as penicillin, 
streptomycin, and ampicillin were used to prevent bacterial contamination. Vitamin 
B12 complex (0.1%) is also used in most of the media as a growth supplement.  
 
Table 2.1: Formulae of the media used  
Component Media  
GPY
1
 PY-SBO or –
SBL
2
 
TPTW
3
 TCM
4
 
Glucose 20  1 10 
Polypeptone 10 1 1 5 
Yeast extract 5 0.5 1 2 
Agar 15 10 for PYA 15 10 
NaCl/salinity 40 (50%) 40 (50%)  32 
Soybean oil (SBO) 
/Soybean lecithin (SBL) 
 5   
Tween 80   1  
KH2PO4   0.2 0.1 
Tomato juice   10  
pH   6.0  
Sodium glutamate    5 
NaHCO3    0.1 
MnCl2.4H2O    0.0086 
FeCl3.6H2O    0.003 
ZnSO4.7H2O    0.0013 
CoCl2.6H2O    0.0003 
CuSO4.5H2O    0.0002 
Vitamins    1 mL 
Antibiotics    1mL 
Distilled water 1000 1000 1000 1000 
1
(Huang et al.,2001) 
2
(Kumon et al., 2005) 
3
(Taoka et al., 2008) 
4
(Lewis, 2001) 
**All the values are given in grams unless stated 
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2.2.4 Taxonomy of Thraustochytrids 
2.2.4.1 Phenotypic-based Taxonomy  
The original Thraustochytrid classification was based on their morphological 
characteristics (Huang et al., 2003), and initially they were classified under the class 
Oomycetes because of their biflagellated zoospores (Bongiorni et al., 2005b; 
Raghukumar, 2002). Later, with the observation of other morphological features such 
as the presence of Ectoplasmic Net elements and thallus formation (Jakobsen, 2008), 
Thraustochytrids and the closely related labyrinthulids were recognised as belonging 
to a separate cluster unlike fungi or protozoa (Raghukumar, 2002). Mo et al. (2002) 
reported that Thraustochytrids should be classified under the family 
Thraustochytridae and with Labyrinthulidae, were placed in a single order, 
Labyrinthulida, and a single class Labyrinthulia of the phylum Labyrinthulomycota.   
Although physical characteristics used in Thraustochytrids classification are too 
inconsistent to be useful (Lewis, 2001), the classical taxonomy based on physical 
characteristics still separates the kingdom Straminipila from the rest of the plant and 
animal kingdoms. Research carried out on Thraustochytrids and Labyrinthulids in the 
past shows that further clarification is required to support their morphological 
features in line with the emerging technologies such as molecular-based 
classifications. Therefore, it is evident that there is a gap in knowledge and 
understanding between the physical features currently used and the genetic 
characteristics of this organism. 
Direct microscopic observation has been extensively used for Thraustochytrids, but it 
has proven to be problematic as a taxonomic tool (Jakobsen, 2008). Previously, 
Thraustochytrids were classified into six genera in the family Thraustochyriaceae 
based on their cell morphology and stages in the life cycle (Yokoyama & Honda, 
2007; Yokoyama et al., 2007). The morphological development of the life cycle of 
the Protists was observed in a continuous flow chamber described by Raghukumar 
(1987). The six genera that he recognised were: Thraustochytrium, Japonochytrium, 
Schizochytrium, Althornia, Ulkenia and Aplanochytrium (Figure 2.5).  
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1 Spindle-shaped vegetative cells that glide inside 
ectoplasmic nets............................... 
Family 
Labyrinthulaceae 
Single genus: 
Labyrinthula 
1 Globose or subglobose vegetative cells not 
enrobed in ectoplasmic nets................... 
Family 
Thraustochytriaceae 
2 Migration of vegetative cells observed in an 
extended period and aplanospores always 
formed....................................... 
Aplanochytrium 
2 Migration of vegetative cell, when present, at early 
stage............................................. 
3 
3 Vegetative cells without ectoplasmic 
nets......................... 
Althoria 
3 Vegetative cells basal rhizoid–like ectoplasmic 
nets.............. 
4 
4 Vegetative cells with apophysis in ectoplasmic 
nets.......... 
Japonochytrium 
4 Vegetative cells without apophysis in ectoplasmic 
nets....................................... 
5 
5 Thallus occurring successive binary division of 
vegetative cell.................... 
6 
5 Thallus developing into a single zoosporangium or 
amoeboid cell............. 
8 
6 Small colony, not well–developed ectoplasmic 
net.................. 
Aurantiochytrium 
6 Large colony and well–developed ectoplasmic 
net................... 
7 
7 Oblong zoospores and producing canthacxanthin 
and β-carotene................................................. 
Oblongichytrium  
7 Ovoid zoospores and producing only β-
carotene....................... 
Schizochytrium  
8 Thallus developing into a single 
zoosporangium........................ 
Thraustochytrium 
8 Thallus developing into an amoeboid 
cell.................................. 
9 
9 Small colony, not well-developed ectoplasmic 
net...................... 
10 
9 Large colony, well-developed ectoplasmic 
net........................... 
11 
1
0 
Zoospores forming by meaning of pinching and 
pulling....... 
Sicyoidochytrium 
1
0 
Zoospores forming without pinching and pulling 
division.. 
Ulkenia 
1
1 
Persistence of cell wall after releasing an 
amoeboid cell.................... 
Parietichytrium 
1
1 
Cell wall dissolved after releasing an amoeboid 
cell.................... 
Botryochytrium 
 
Figure 2.5 Key to the families and the genera of the single order 
Labyrinthulales in the class Labyrinthulomycetes (Yokoyama et al., 2007), 
based on cellular physiology 
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Yokoyama and Honda (2007) later supported the rearrangement of the classification 
by introducing three new genera (Sicyoidochytrium, Botryochytrium and 
Perietichytrium) from the genus Ulkenia. Yokoyama et al. (2007) also introduced 
two other genera (Aurantiochytrium and Oblongichytrium) from the genus 
Schizochytrium. Figure 2.5 shows the key used to characterise the eleven genera 
according to their morphological features. These newly introduced genera were 
supported by combining their morphology, 18S ribosomal DNA (rDNA) taxonomy, 
PUFA and carotenoid profiles, however the authors stress further clarification is 
necessary (Jakobsen, 2008). 
These observations were used to construct a key to classify each isolate (Huang et 
al., 2001). Further, Bongiorni et al. (2005a) described an identification system for the 
genus Thraustochytrium (Figure 2.6) using direct microscopic observation and thus 
raised the possibility of using the same system for other related genera. However, 
this genus level classification had raised many questions, as key morphological 
features often overlapped among member genera (Yokoyama & Honda, 2007). 
Raghukumar (1988) had previously described a system to detect Ulkenia sp. using 
fluorescent antibody tagged cells observed under fluorescence microscopy. He hoped 
that this system with modifications would prove to be useful to characterise other 
members of the group, however no further work in this respect appears to have been 
published since the original in 1988.  
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1 Single proliferation body produced...................................... 2 
1 More than one proliferation body produced......................... 8 
2 Proliferation body delineated prior to zoospore formation; 
prominent. 
3 
2 Proliferation body delineated during zoospore formation; 
not prominent.............................................................. 
6 
3 Zoospores non-motile at the time of discharge, lacking 
flagella; developing flagella subsequently........................... 
Thraustochytrium 
proliferum 
3 Zoospores motile even at the time of discharge, with fully 
formed flagella..................................................................... 
4 
4 Cell wall mostly persistent, or persistent as a small collar 
following zoospore discharge.............................................. 
5 
4 Cell wall totally disintegrating following zoospore 
discharge...................... 
Thraustochytrium 
antracticum 
5 Zoosporangia globose, subglobose or obpyriform, most of 
the cell wall persistent after zoospore liberation.......... 
Thraustochytrium 
motivum 
5 Zoosporangia obpyriform, most of the cell wall 
disintegrates during zoospore liberation, leaving just a 
collar around the zoosporangium...... 
 
Thraustochytrium kinnei 
6 Zoosporangia smaller than 20µm; not more than 50 
zoospores per zoosporangium; no amoeboid stages 
produced during life cycle............... 
7 
6 Zoosporangia often up to 30µm diam.; up to 75 zoospores 
produced; amoeboid stages present during life cycle.......... 
Thraustochytrium 
gaertnerium 
7 Zoosporangia irregular in shape; zoospores ovoid; flagella 
apical and subapical............................................................. 
Thraustochytrium 
benthicola 
7 Zoosporangia up to 17µm in diam.; less than 50 zoospores 
produced; flagella lateral...................................................... 
Thraustochytrium aurium 
8 Number of proliferation bodies not more than 4, zoospores 
motile at discharge................................................ 
Thraustochytrium 
multirudimentale 
8 Number of proliferation bodies more than 4.............. 10 
9 Number of proliferation bodies 5-50; zoospores not motile 
at the time of discharge................................................ 
Thraustochytrium rossii 
9 Number of proliferation bodies 3-10; zoospores motile at 
discharge...... 
Thraustochytrium 
kerguelensis 
 
Figure 2.6. Key to the species of the genus Thraustochytrium in the family 
Thraustochytriaceae (Bongiorni et al., 2005a).  
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2.2.4.2 Chemistry based Classification (PUFA profiles) 
Using the isolates from Fiji islands and Japan, Huang et al. (2003) suggested that the 
PUFA profiles divide the Thraustochytrids in to distinctive groups. Five 
groups/profiles (Table 2.2) were recognised with five 20-Carbon (C20) and 22-
Carbon (C22) PUFAs depending upon the PUFAs in each isolates biomass. They 
have also concluded that PUFA profiling was as effective as phylogenetic typing and 
claimed that isolates with identical PUFA profiles shared the same monophyletic 
cluster. However, there appears to be no scientific basis for this assumption. 
Table 2.2. Thraustochytrid groups isolated from coastal waters of Japan and Fiji 
classified based on their PUFA profiles (Huang et al., 2003). 
Group/profile PUFA 
1)
 
A DHA, DPA 
B DHA, DPA, EPA 
C DHA, EPA 
D DHA, DPA, EPA, AA 
E DHA, DPA, EPA, AA, DTA 
Abbreviations: DHA, docosahaexenoic acid (22:6 n-3); DPA, docosapentaenoic 
acid (22:5 n-6); EPA, eicosapentaenoic acid (20:5 n-3); AA, arachidonic acid (20:4 
n-6) and DTA, docosatetraenoic acid (22:4 n-6) 
 
2.2.4.3 Genotypic Classification 
Classification according to 18S rRNA based analysis, was published by Cavelier-
Smith et al. (1994), who placed Thraustochytrids in the family Thraustochytridae 
and, together with the family Labyrinthulidae, segregated them into the class 
Labyrinthulea. They were then ranked under the Sub-Phylum Labyrinthista and into 
the Phylum Heterokonta of the Kingdom Chromista (Straminipila). However, the 
morphological taxonomy and the molecular phylogenetic analysis did not correlate, 
and as a result the correct classification for the Thraustochytrids and its close 
relatives became more difficult (Jakobsen, 2008).  
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In another study Adl et al. (2005) coined a new hierarchical system without the 
formal groups such as classes and orders. According to this new taxonomy, 
Thraustochytrids were grouped as Thraustochytriaceae comprising the genera; 
Althornia, Aplanochytrium, Elnia, Japonochytrium, Schizochytrium, 
Thraustochytrium and Ulkenia. The Labyrinthulids are recognised as 
Labyrinthulaceae with a single genus, Labyrinthula. The two groups were ranked 
under Labyrinthulomycetes, and Stramenopiles were positioned under 
Labyrinthulomycetes. Therefore a naming discrepancy exists within this group as to 
whether they should be named under the kingdom Straminipila or grouped as 
Stramenopiles. This thesis follows the system described by Cavelier-Smith et al. 
(1994). 
As, the classical kingdoms were dropped, a super group called Chromalveolata was 
devised including Stramenopiles and all the super groups together representing the 
Kingdom Protista (Adl et al., 2005; Blackwell, 2009; Cavalier-Smith et al., 1994). 
Accordingly, more systems of classification are available including 18S rDNA 
sequence analysis (Mo et al., 2002), 5S rRNA analysis (MacKay & Doolittle, 1982) 
and Randomly Amplified Polymorphic DNA - Polymerase Chain Reaction (RAPD-
PCR) analysis (Oclarit & Hepowit, 2007).  
18S rDNA Analysis 
The technique, 18S rDNA analysis, was used for the classification of 
Thraustochytrids by Cavalier-Smith et al. (1994), who showed that  Thraustochytrid 
phylogeny according to 18S rDNA analysis was successful for their classification. 
They also confirmed better success using 18S rDNA as an alternative to 5S rRNA for 
classification described by MacKay and Doolittle (1982) because short 5S rRNA 
lacked the power to differentiate Thraustochytrids effectively from other species.   
However, all these are valid only if the identity of the selected organisms known by 
other methods. As Cavalier-Smith et al. (1994) demonstrated, all the cultures were 
taken from pre-existing known culture collection and the sequences obtained from 
Genbank and EMBL (European Molecular Biology Laboratory) databases. The 
difficulty arises when an unknown or potentially a “Thraustochytrium sp.” needs to 
be identified, the partial sequences in the GenBank database are simply not sufficient 
for an accurate identification. 
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PCR primers (see Table 2.3) targeting the 18S rDNA regions of the extracted DNA 
were used, and the resultant PCR products were isolated and purified. The sequences 
of these fragments were then obtained using Sanger sequencing PCR, and the data 
was analysed using a bioinformatics software and GenBank data to construct a 
classification key for the tested organisms. This method usually produced 520-650bp 
fragments covering almost the entire 18S rDNA region (Mo et al., 2002). 
Manual extraction of DNA varies from sample to sample and the quality and purity 
also frequently causes issues (Persing et al., 2004). Also, these methods are time 
consuming and require intensive labour input. In this context the use of Real-Time 
PCR may be a much more reliable and accurate analysis which will also reduce time 
and labour (Valasek & Repa, 2005). 
Table 2.3. PCR primers used on Thraustochytrium aureum (Mo et al., 2002). 
Primer Sequence (5’ – 3’) Location 
FA1 AAAGATTAAGCCATGCATGT 37–56 
F GGGAGCCTGAGAGACGGC 387–404 
RA1 AGCTTTTTAACTGCAACAAC 605–624 
FA2 GTCTGGTGCCAGCAGCCGCG 555–574 
RA2 CCCGTGTTGAGTCAAATTAAG 1171–1191 
FA3 CTTAAAGGAATTGACGGAAG 1125–1144 
R GGCCATGCACCACCACCC 1254–1271 
RA3 CAATCGGTAGGTGCGACGGGCGG 1662–1684 
 
Amplified Fragment-Length Polymorphism (AFLP) 
Amplified Fragment-Length Polymorphism (AFLP) has been used to discriminate 
between closely related species of Thraustochytrids. The method involves the 
digestion of extracted DNA with a pair of restriction endo-nucleases and ligated with 
respective oligonucleotide adaptors before amplification.  The amplification is a two-
step process and the fragments are amplified with 32P-labeled primers. The selective 
amplified fragments are then separated on polyacrylamide gel medium and 
fingerprints are analysed using autoradiography (Mo et al., 2002). Among the 
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disadvantages of this method include that PCR efficiencies may change, causing a 
variation in peak heights which is common with AFLP analysis and this would limit 
the detection of minor fragments. Also, unless the organism was isolated to a pure 
culture, the AFLP can be useless, as contaminant DNA from other sources can 
disturb accurate analysis (Savelkoul et al., 1999). It was further observed that it was 
not helpful in discriminating to genus or to family levels (Janssen et al., 1997). 
 
Randomly Amplified Polymorphic DNA Polymerase Chain Reaction (RAPD-PCR) 
Randomly Amplified Polymorphic DNA Polymerase Chain Reaction (RAPD-PCR) 
analysis can also be used to study polymorphisms in different organisms and species. 
This method uses a set of single primers approximately 10 bases in length compared 
to conventional PCR which uses two. The primers used are arbitrary, thus, the 
amplicons represent anonymous sites on the whole genome rather than known 
specific regions. The advantage is that arbitrary primers produce a consensus 
fingerprint on multiple places creating a unique pattern. This unique pattern is used 
to characterise organisms at species or strain levels. It can also be less expensive 
compared to standard PCR. However, the detection sensitivity of RAPD-PCR clearly 
depends on the purity, quantity and quality of the template DNA used (Bartlet & 
Stirling, 2003). 
Oclarit and Hepowit (2007) demonstrated the reliability of RAPD-PCR for the 
characterisation of Thraustochytrids from its related genus Schizochytrium from 
mangroves in the Philippine archipelago.  Their study supported the use of RAPD-
PCR as a fingerprinting method for Thraustochytrids as they are clonal and not 
sexually reproducing organisms. Due to this the clonal identities remain the same for 
each of the progeny, and different between species. The study distinguished 
previously known Thraustochytrium and Schizochytrium into two different clades 
confirming the validity of the method. 
Pulsed field gel electrophoresis (PFGE)  
PFGE is a useful tool in the extraction of large genomic DNA in purified forms as it 
enables the separation of larger genomic DNA, over 20kbp. The technique uses a 
similar setup to the classical agarose gel electrophoresis, however using a static 
electric field to enable DNA mobility (Persing et al., 2004). A modified technique 
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was used by Anbu et al. (2007) and using this method, they were able to separate 
different chromosomes of Thraustochytrids. The advantage comes as PFGE is 
effective in chromosomal separation especially in lower order eucaryotes. This 
method was also found useful to study the gene products of Thraustochytrids (such 
as desaturases and elongases) as it enabled the separation and isolation of different 
chromosomes.  Crude genomic DNA extracts trapped in low melting agarose gels 
were placed in pulsed field certified agarose gels and electrophoresis was performed 
with pulse time ranging 100-10sec. The method is robust and not highly time-
consuming. However, considerable practice and expertise are required to execute it 
effectively. Though compared to DNA extraction kits PFGE is less expensive, DNA 
extraction kits are still efficient and less time consuming.  
 
High Resolution Melt (HRM) curve analysis  
High Resolution Melting (HRM) may be useful in genotypic taxonomical studies in 
order to separate non-specific events. When SYBR Green is used as the method of 
detection for real-time PCR, further analysis using HRM curve analysis as a post-
PCR method produces a dissociation curve relating to the melting points of 
amplicons. It separates amplicons of interest from other amplicons and non-specific 
artefacts (Price et al., 2007). HRM curve analysis is a closed-tube assay, and does 
not require any post-PCR handling. When SYBR Green is used, differentiation of 
PCR products based on their dissociation behaviour is analysed by subjecting them 
to increasing temperatures in very small increments (Tindall et al., 2009). 
This property gives a high resolving power to HRM curve analysis, thus slight 
differences in genetic sequences can be easily detected (Price et al., 2007).   
High resolution melt (HRM) analysis was selected as a potential method for the gene 
regulation studies. However, there are no known instances of the use of any gene 
regulation studies done on the Thraustochytrid PUFA production using real time 
PCR. Therefore HRM method was selected upon consideration of the available 
facilities and resources.   
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2.3 Commercial Considerations 
High quality protein and oil sources have become in demand as aquaculture is 
expanding, (Carter et al., 2003) with the increase in global population (Miller et al., 
2007). It has been estimated that over 90% of global fish oils were used for aqua-
feeds by 2010, however constantly competing nutraceutical and biomedical 
industries are producing fortified and functional foods and supplements (Miller et al., 
2007). The use of alternative oils and proteins as food supplements have been 
examined, on the provision that they must deliver the same qualities as fish oils. For 
example, wheat and corn gluten, soybean, rapeseed, lupin, sunflower and linseed 
have been used as potential Atlantic salmon feeds (Carter et al., 2003; Miller et al., 
2007). However, while fish oil feeds are rich in omega-3 long chain polyunsaturated 
fatty acids (ω-3 LC-PUFA) containing DHA and EPA, vegetable oils fail to provide 
these to a similar extent (Miller et al., 2007).  
Thraustochytrids on the other hand, are both high in lipid content and extremely high 
in DHA and EPA. They are also less complex in industrial scale production and will 
enable large harvests upon culturing (Carter et al., 2003; Lewis et al., 2001). It was 
evident that the use of vegetable oils compared to single cell oils (SCO) by 
Thraustochytrids reduced the protection against cardiovascular diseases associated 
with eating salmon (Miller et al., 2007; Seierstad et al., 2005). It has been suggested 
that Thraustochytrids and labyrinthulids were the first eucaryotic osmoheterotrophs 
to evolve on earth. As a result, they have been the pioneers in marine organic 
degradation and mineral cycling (Raghukumar, 2002). Their role in marine 
ecosystems is not well studied and (Raghukumar, 2002) and with the expanding 
exploitation of fish rearing activities, the impacts on coastal environments have 
become a growing concern.  
 
2.3.1 PUFA Production  
2.3.1.1 Nature of PUFAs 
Fatty acids contain a hydrocarbon backbone, a methyl terminus and a terminal 
carboxyl group (Jakobsen, 2008). They usually contain an even number of carbon 
atoms from 4 to 24 and up to six double bonds (Bergé & Barnathan, 2005; Jakobsen, 
2008). Fatty acids are illustrated with x:y system where x denotes the number of 
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carbon atoms in the whole molecule and y for the frequency of double bonds. 
According to the international nomenclature, PUFAs are further named according to 
the position of the first double bond (ω or n) from the methyl group in the carbon 
backbone (Bergé & Barnathan, 2005). For example, stearidonic acid (SDA, Figure 
2.7) is written as 18:4 (ω-3) which denotes the 18 carbon backbone, 4 double bonds 
and the first double bond occurring at the third carbon atom. 
The primary molecules of PUFA production are acetyl-CoA and malonyl-CoA. As 
shown in the Figure 2.8, PUFA synthesis follows two distinctive pathways which are 
known as the typical aerobic fatty acid synthesis (FAS) pathway and the anaerobic 
polyketide synthase system (PKS). 
 
 
Figure 2.7: The structure of the Stearidonic acid (SDA) showing its four double 
bonds with the first occurring at the third carbon atom (Bergé & Barnathan, 2005) 
 
 
The aerobic pathway is catalysed by sequential desaturation and fatty acyl 
elongations. Desaturase enzymes elongate and insert double bonds into the saturated 
carbon backbone of 16:0 or 18:0 fatty acids produced by fatty acid synthase enzyme. 
The anaerobic pathway does not depend on the series of desaturases and elongases 
for the production of PUFA. It uses a polyketide synthase gene cluster which 
provides keto-synthase, keto-reductase, dehydratase and enoyl reductase (Bergé & 
Barnathan, 2005).  
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2.3.1.2 Benefits of PUFAs  
PUFAs are essential for human health and nutrition as they are required for growth 
and reproduction. They are not synthesised in human body in sufficient amounts. 
Clinical studies have shown that DHA, AA and EPA are components of brain tissues 
and present in mother’s milk, however absent in cow’s milk. Studies have shown that 
DHA in infant retina and cerebral cortex can be up to 60% and 15-20% respectively  
(Jakobsen, 2008; Ratledge, 2004). For this reason PUFAs are considered important 
for foetal development and infant growth (Larque et al., 2002). Both infants and 
pregnant or lactating mothers potentially benefit from having PUFA as dietary 
supplements, as their endogenous syntheses cannot meet the high demand (Muskiet 
et al., 2004; 2006).  
 
PUFAs also provide energy, facilitate the absorption of fat soluble vitamins 
(Vitamins A, D, E and K) and are involved in the production and regulation of 
eicosanoids  (Bergé & Barnathan, 2005). Both ω-3 and ω-6 PUFA are structural 
components of phospholipids in cell membranes of most eucaryotes and are 
precursors of certain hormones. The signalling molecules (Metz et al., 2001) or 
eicosanoids are produced from both ω-3 and ω-6 fatty acids and have opposite 
effects, as ω-3 derivatives are anti-inflammatory. The imbalance of these in human 
body can lead to many health risks such as cancer, cardiovascular disease and mental 
illnesses (Bergé & Barnathan, 2005). Studies have also shown that high intake of ω-6 
fatty acids lowers the DHA in brain tissues and as a result, interferes with brain 
development and neurite (neuronic projections) growth (Novak et al., 2008). The 
high intake of ω-6 fatty acids poses health issues especially in infants and children. 
 
2.3.1.3 Current Methods for Production of PUFA 
Today, the major source for PUFA is fish oil, yet these have faced many setbacks as 
a commercial product. Especially the public reception of PUFA has been negative 
not only because of the high prices but also with other problems of acceptability. 
These oils are fish by-products and often rejected for low quality due to rancidity. 
Their typical fish smell, unpleasant tastes despite health benefits and rejection by 
vegetarians (Jakobsen, 2008; Sijtsma & de Swaaf, 2004) impacts negatively on 
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commercial values.  Also, there is a growing concern over the purity of fish oils as a 
food supplement related to the environments of these fish are sourced from. Fish 
harvested from oceans is exposed to man-made pollution, and so may have 
accumulated pollutants such as dioxins, polychlorinated biphenyls and heavy metals 
including mercury compounds through their feed (Jakobsen, 2008; Ratledge, 2004).  
It has also been shown that the use of transgenic land plants with ω-3 genes such as 
rapeseed and soy can be used as a source of PUFAs (Robert, 2006). However, 
considering the public rejection of transgenic food in the global market, transgenic 
PUFA may also face a similar ill fate.  
2.3.1.4 PUFA production by Microorganisms  
Microorganisms can be a feasible source for PUFA, including ω-3 fatty acids. These 
microbial oils, referred to as Single Cell Oils, have become an alternative source of 
ω-3 and ω-6 PUFA (Ratledge, 2004). Eucaryotes capable of producing significant 
amounts of oils are small (yeasts- 3–4 µm, Thraustochytrids 5-20 µm, microalgae 1 
µm to 2mm etc.) and their productivity depend on strain specificity and growth 
conditions. Among these PUFA producers are yeasts (Ratledge & Wynn, 2002), 
marine microalgae (Yaguchi et al., 1997) and fungi (Certik et al., 1998; Ward, 1995). 
Microorganisms capable of producing lipids at greater than 20-25% of their dry cell 
weight are considered to be oleaginous (Ratledge, 1993, 2004; Ratledge & Wynn, 
2002).  
 
SCO are mainly rich with γ-linoleic acid (GLA; 18:3n-6), AA, DHA and EPA 
(Certik & Shimizu, 1999; Ratledge & Wynn, 2002; Ward, 1995) with DHA being the 
dominant in most cases. Thraustochytrids and the dinoflagellate, Cryphecodinium 
cohnii, are considered the commercial DHA producing heterotrophic marine 
microorganisms (Jakobsen, 2008; 2008; Jakobsen et al., 2007). The industrial 
production of microbial PUFA under controlled conditions and fermenter 
environments guarantee advantages against fish oils. Therefore, further development 
of PUFA producing microorganisms is obviously a commercially realistic approach 
to meet the global PUFA and ω-3 demand.  
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Figure 2.8: The pathways of PUFA production 
a) The anaerobic polyketide-like system (PKS) pathway. In this pathway sequential 
reactions (keto-synthase, keto-reductase, dehydratase and enoyl reductase) involving 
primer molecules such as acetyl-CoA results in producing fatty acyl chains. b) The 
aerobic fatty acid synthesis (FAS) pathway uses a variety of desaturases and 
elongases producing mixture of long chain fatty acids including EPA and DHA as 
their end products.  
Source: Bergé and Barnathan (2005). 
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2.3.2 Extraction of PUFA  
Different methods exist for the extraction of PUFA from microorganisms. Burja et 
al. (2007; 2006) have described a number of methods and their modifications in 
PUFA extraction from Thraustochytrids.  
Bligh-Dyer Method 
This is the standard method used for the FA extraction. The system comprises 
blending of the cell suspensions using a polytron homogeniser and extraction using 
methanol-choloroform. The mixture is filtered and the chloroform layer recovered, 
containing FA. The solvent is then evaporated using a drying oven at 80°C and the 
FA is recovered as a dry product  (Bligh & Dyer, 1959). 
Bligh-Dyer Ultrasonics 
This modification to the Bligh-Dyer method involves the incorporation of an 
ultrasonic bath and probe for cell disruption. This replaces the polytron homogeniser 
and the rest of the extraction follows the standard method (Burja et al., 2007). 
Miniaturised Bligh-Dyer  
This method uses nearly 5% of the solvents normally used by the Bligh-Dyer method 
and incorporates a fractionation system to separate lipids into their mono-, di- and 
triglycerides using solid phase extraction (SPE) columns (Pinkart et al., 1998).  
This method has proved to be the most efficient in total PUFA extraction compared 
to the standard method with 47.5% more FAs. However it used five times more in 
terms of methanol and chloroform compared to other reagents. Which in turn 
explains its high yield as the solvent becomes saturated with oil. Its advantages also 
include the rapid and efficient separation of lipid classes (Burja et al., 2007). 
Direct Saponification 
This method applies the saponification of Thraustochytrid biomass using KOH in 
conjunction with ethanol or hexane-ethanol. The freeze dried cell biomass is mixed 
with either KOH in ethanol or KOH in hexane-ethanol, the cells are disrupted and the 
fatty acids fractionated using hexane (Cartens et al., 1996). Direct saponification 
methods were also found to be effective in fatty acid recovery with 45.5% compared 
to the standard method (Burja et al., 2007).  
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Direct Transesterification 
In direct transesterification the freeze dried cell biomass is mixed with a 
transesterification reaction mix (methanol-hydrochloric acid-chloroform) followed 
by vortex and heating in a water bath at 90°C. Once cooled the FA are separated and 
extracted by hexane-chloroform (Lewis et al., 2000). Though the extraction of total 
fatty acids is efficient using this method, the extraction of fatty acid methyl esters 
(FAMEs) are comparatively very low (Burja et al., 2007). 
The total amount of PUFA extracted using these methods vary, and modifications 
may be required at times. It is evident that most methods are subject to change, 
depending on the kind of organisms used. 
 2.3.3 Regulation of PUFA Gene Activity 
An extensive study on the stress mediated gene regulation in Thraustochytrids has 
not yet been done, as noted by Raghukumar (2008). However, Mertek Biosciences 
has been successful in commercial up-scaling of PUFA production by 
Thraustochytrids and Crypthecodinium coehnii by manipulation of their growth 
conditions (Raghukumar, 2008; Ratledge, 2004; Sijtsma & de Swaaf, 2004). Indeed, 
the exact role of stressors such as pH, temperature, oxygen availability and salinity in 
the regulation of PUFA producing genes is still poorly explored in the published 
literature.  
Culture optimisation is one of the crucial steps in the development of commercial 
microbial technologies  (Raghukumar, 2008). Therefore it is important to understand 
culture conditions and how they affect the synthesis of products of interest.  
Manipulation of different stressors and application of them in different combinations 
should permit the successful commercial production of designer oils, with varying 
PUFA ratios.   
2.3.3.1 Stress Parameters 
pH as a stress factor 
Thraustochytrids have a broad pH tolerance, ranging from pH5 to pH8 for growth 
and DHA production (Kumon et al., 2002; Perveen et al., 2006; Raghukumar, 2008; 
Singh & Ward, 1997). Evidently they possess regulatory mechanisms controlled by 
specific genes to tolerate both acid and alkaline conditions. It is important to 
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understand the role of pH in the total PUFA production and how changes in the 
growth medium or environment in terms of pH levels  up- or down-regulate the 
production of different PUFAs. This study will investigate the influence of pH on the 
regulation of expression of selected genes. 
Temperature 
The optimal temperatures for Thraustochytrid growth are considered to be between 
25°C and 30°C (Burja et al., 2006; Kumon et al., 2002; Perveen et al., 2006). When 
the temperatures were dropped towards 15°C the DHA production were seen to be 
enhanced. On the other hand, lowering of temperature decreases the growth which 
eventually gives a low biomass and so a low DHA yield (Raghukumar, 2008).  
Combination of the different temperatures has been shown to be useful to address 
this issue.  This is not favoured by commercial production as it means an extra 
expense for cooling systems. This variation in growth and the production of DHA 
confirms that a temperature-mediated gene regulation may be operating (Burja et al., 
2006; Kumon et al., 2002; Lewis et al., 1999; Perveen et al., 2006; Raghukumar, 
2008; Yaguchi et al., 1997; Yokochi et al., 1998).  Again, the current research has 
not investigated the use of temperature as a stress parameter to effectively control 
gene regulation of different PUFA including DHA, EPA and AA. 
Oxygen Availability 
Although Thraustochytrids exhibit both FAS and PKS pathways,  it was originally 
believed that Thraustochytrids did not require oxygen at all for PUFA production 
(Raghukumar, 2008). Alternatively, Jakobsen et al. (2008) has shown that low levels 
of oxygen increase the production of PUFA. The microbial biomass was increased by 
20% with the limitation of oxygen by 1% below saturation. In another study reported 
by Raghukumar (2008) showed that maintaining oxygen levels below 4-8% 
saturation levels increased biomass production by 50%.  
The two biochemical pathways have a direct relationship with oxygen and therefore 
the use of oxygen has been considered as a stressor for gene regulation. It has also 
been shown that monosaturated fatty acids such as C16 and C18 were down-
regulated in low oxygen conditions, as their production is based on oxygen 
dependant desaturases. However, oxygen limitation did not have any effect on DHA 
and EPA production (Jakobsen et al., 2008; Raghukumar, 2008). These findings 
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suggest that the use of the change in oxygen levels can bring about different FA 
profiles and thus confirms the use of oxygen as a stress factor.  
Salinity 
Salinity has also been found to be a key component in growth and PUFA production 
of Thraustochytrids. Being marine organisms, Thraustochytrids require salinity for 
survival and this requirement varies among different strains and other members of 
the related genera  (Raghukumar, 2008). Considering the fluctuating salinities in 
brackish mangrove environments, Thraustochytrids and Labyrinthulids isolated from 
these environments have shown tolerance to between 50 and100% seawater (Kumon 
et al., 2002; Perveen et al., 2006). Thraustochytrids have an obligatory requirement 
for Na+ which cannot be replaced with K+. This in turn suggests the use of sodium 
(Na+) concentration as a stressor for the regulation of Thraustochytrid growth and 
metabolism.  
2.3.3.2 Methods for Studying PUFA Gene Regulation 
Monitoring of Stress Induced Gene Regulation 
The majority of work done on the Thraustochytrid genome has been focussed on 18s 
rDNA, 5s rDNA and certain PUFA producing genes. However, the Thraustochytrid 
genome has rarely been studied for the determination of its complete sequence 
(Raghukumar, 2002, 2008). This leaves a knowledge gap as there are many other 
genes connected to the PUFA biosynthesis. As a result, the present knowledge limits 
the effective monitoring of stress-mediated gene regulation due to lack of 
understanding of the Thraustochytrid genome. Araki et al. (2004) have demonstrated 
the use of DNA microarray and Real-Time PCR methods for monitoring the dnaK 
gene expression in Porphyromonas gingivalis under oxygen stress. These methods 
are fairly robust and accurate, though are highly expensive. On the other hand less 
expensive methods such as standard DNA extraction methods, conventional PCR and 
blotting techniques can be used and these methods may give wide range of 
inconsistent results and are also time consuming. Therefore it is suggested that this 
research project aim to develop an inexpensive monitoring protocol for gene 
regulation and adoption of the systems similar to those relating to  oxygen stress, but 
with other stressors. 
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Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)  
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) has a number of 
advantages compared to conventional PCR. It has been successfully employed in the 
detection and quantification of gene expression (Livak & Schmittgen, 2001) due to 
its high sensitivity, specificity, broad range of detection and the rapidity of assay 
(Dombrowski & Martin, 2009; Tyagi et al., 2009). It also measures the amplicons 
during the process in real time and avoids the time waiting for end of the process 
analysis (Persing et al., 2004). The qRT-PCR uses two quantification methods: 
absolute and relative. The absolute method uses its cloned qRT-PCR target 
sequences as standards whereas the relative method uses qRT-PCR sequence from a 
related source as its reference (Giricz et al., 2008). However, it is important to 
include proper internal controller genes for qRT-PCR analysis. Also current findings 
suggest the use of multiple housekeeping genes for detection of qRT-PCR for 
accurate quantification (Dombrowski & Martin, 2009). Figure 2.9 shows the standard 
flow of real-time PCR detecting amplicons. 
 
Detection Methods of Real-Time PCR 
Several methods have been devised to detect the amplified products generated by 
real-time PCR. These methods generally use specific dyes or fluorophores, which 
emit a measurable fluorescent signal. This signal is directly proportional to the 
concentration of the product (Bustin, 2002; Houghton & Cockerill, 2006).  These 
methods include the use of SYBR green, TaqMan probes and Fluorescence 
Resonance Energy Transfer (FRET) hybridization probes (Houghton & Cockerill, 
2006).  
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Figure 2.9: Representation of real-time PCR reaction. (A) The hairpin loop  - The 
fluorophore forms a non-fluorescent complex with the quencher and link with the  
primer through a PCR stopper that prevents read-through of the hairpin loop . During 
the annealing and extension phases the probe sequence hybridises to the newly 
synthesised complementary strand separating the fluorophore and quencher resulting 
in a fluorescent signal. (B) The signal intensity can be improved with the separation 
of fluorophore and quencher onto different oligonucleotides. The quencher is at the 
3’ end of the  oligonucleotide and is complementary to the probe sequence. During 
the reaction the new strand is more favourable than the binding between the probe 
and the quencher oligonucleotide. (Bustin, 2002) 
 
SYBRGreen 
SYBRGreen is a cyanine dye commonly used in real-time PCR reactions. It 
specifically binds to the minor groove of the double stranded DNA and intercalates 
between the two strands. In this bound form it emits a 1000 times stronger 
fluorescent signal than the unbound dye. It is relatively easy to handle as it can be 
directly applied to PCR reactions, however, it also possesses non-specificity to 
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amplified DNA. This non-specificity allows amplifications such as primer dimers 
and mis-priming, with signal misleading results. Therefore, additional methods such 
as melting curve analysis and gel electrophoresis are also required to assess the 
quality and accuracy of the real-time data and can be used in conjunction with SYBR 
Green at a lower cost (Houghton & Cockerill, 2006). 
 
Figure 2.10: Activity of the Taq polymerase enzyme on the probe. A- probe with the 
two dyes binds to the target sequence. B- During primer extension Taq polymerase 
cleaves the probe resulting in a “free” reporter dye which generates a fluorescent 
signal (Mocellin et al., 2003). 
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TaqMan Probes 
TaqMan probes were one of the first probe-based detection methods used in real-
time PCR. The method uses the inherent exonuclease activity of the Taq polymerase 
enzyme. These probes are short oligonucleotides ranging from 20 to 30 bases. Each 
probe is attached to a fluorescent reporter dye at its 5’ end and a quencher dye at its 
3’ end. While both dyes are attached to the probe, the reporter dye does not emit a 
fluorescent signal due to the quencher dye. During amplicon extension the 
exonuclease activity of Taq polymerase separates the two dyes from the probe and 
thus the reporter dye becomes free and emits a signal (Figure 2.10). Due to this 
property, TaqMan assays are more specific than SYBRGreen assays, and they are 
also more expensive and do not support melting curve analysis (Houghton & 
Cockerill, 2006). However, they are easy to use and support multiplex RT-PCR 
analysis of multiple genes (Koeppel et al., 2012). 
 
FRET Hybridization Probes 
FRET hybridisation uses two fluorescent probes and two PCR primers. This method 
gives an added advantage to the TaqMan system and supports a melting curve 
analysis similar to that of SYBRGreen assays. The probes are labelled with different 
fluorescent dyes and they anneal in the head-to-tail orientation on the target DNA 
between the PCR primers. The upstream probe contains a donor fluorophore at the 3’ 
end and the downstream probe contains an acceptor fluorophore at its 5’ end. When 
the probes are hybridised next to each other, fluorescence energy is transferred to the 
acceptor from the donor fluorophore. This result in the emission of a unique 
fluorescent signal from the acceptor fluorophore, which can be detected (Figure 
2.11). When they are not hybridised next to each other this signal is not generated 
and thus this method avoids nonspecific events (Houghton & Cockerill, 2006). 
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Figure 2.11: The expression of the fluorophore in a dual probe system. One probe is 
labelled with donor fluorophore and the other with an acceptor fluorophore. B: when 
hybridised close to each other the energy transfer creates the unique fluorescent 
signal (Mocellin et al., 2003). 
 
The Candidate Gene Approach 
The candidate genes approach refers to genes with known biological functions that 
regulate a certain trait or genetic property (Zhu & Zhao, 2007). The candidate gene 
approach has been successfully applied in plant and animal genetics including human 
studies. It allows the identification of genes involved in a medically or agriculturally 
important trait or function. Many biological functions in plants and animals are 
regulated by multiple genes and this method is useful for studying their partial role 
(Pflieger et al., 2001).  
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In the candidate gene approach, genes are proposed using well-known information 
related to the biological function. However, when gene or cDNA sequences are not 
available for the species under study, sequence data of other related organisms can be 
used to identify motif sites, hence, ergo design specific primers (Pflieger et al., 
2001). 
However, it is evident that the candidate gene approach has a limited ability to 
include all of the genes coding for enzymes in a particular biochemical function. 
Furthermore, it may be difficult as it requires existing physiological and biological 
information for a specific function. Such information is sometimes not available due 
to the lack of research (Zhu & Zhao, 2007). This method therefore poses a challenge 
in the case of PUFA production in Thraustochytrids. The two biosynthetic pathways 
of PUFA production in Thraustochytrids are under-studied it was only recently a 
number of studies were done confirming the presence and the activity of these 
pathways (Matsuda et al., 2011; Matsuda et al., 2012; Nagano et al., 2011).  
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Chapter 3: Methodology: Storage and DNA extraction 
protocols for Thraustochytrids  
3.1 Summary  
With increasing interest in the Thraustochytrids as a sustainable source of 
polyunsaturated fatty acids (PUFAs), the storage and handling of these organisms 
proved increasingly to be an issue. In particular, methods for successful long term 
storage and recovery, and extraction of DNA for further study were found to be 
either inappropriate or inadequate, and these methods were subjected to review, with 
the aim being to optimize appropriate protocols for both. 
In particular, storage at -80°C in a glycerol medium such as is used for bacteria and 
other microorganisms, was found to be inappropriate for Thraustrochytrids with 
recovery being poor, often negligible. Optimization of storage protocols for high 
level recovery was a priority before any further research could be performed.  Only 
one study had previously been published that was specifically about the preservation 
of these organisms (Cox et al., 2009).  
Two factors were considered for analysis: the storage platform (glycerol addition 
versus bead storage) and the ideal stage of growth for harvesting the cells for storage 
(early log, mid-log or stationary phase). Growth phase as a determinant for storage 
survival has not been significantly studied in the past, although mention has been 
made of such research. It appears that assumptions were not based on actual 
experimental data (Day, 2004; Yokomuro et al., 2003). Another study (Cox et al., 
2009)  investigated the media in which the Thraustochytrids were deep frozen for 
storage so this factor was not further studies in the present research. Our data showed 
that the viability of preserved cultures decreased with culture age, and that both 
glycerol and bead storage permitted good recovery from storage, provided that the 
culture was relatively young when originally harvested.  
Many protocols have been used for Thraustochytrid DNA extraction, generally 
involving the use of cetyltrimethylammonium bromide (CTAB), phenol/chloroform 
and ethanol. These DNA extraction methods featured mechanical grinding, 
sonication, nitrogen freezing or bead beating. However, the resulting chemical and 
physical damage to extracted DNA unfortunately reduced the quality of the yield, 
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and the methods were laborious, time-consuming, and not suitable for use when 
working with large numbers of samples. DNA extraction kits result in better quality 
and yield than above methods but are expensive.  It was therefore necessary to 
optimize a DNA extraction process suitable for the Eucaryote Thraustochytrids in 
order to minimise expensive and time consuming steps prior to DNA extraction and 
to increase the yield.  
A protocol was successfully developed and tested that enhanced the extraction of 
total genomic DNA from Thraustochytrids. The method employed a combination of 
single bead in TissueLyser (QIAGEN) and Proteinase K. Results were conclusive 
that both the quality and the yield of extracted DNA were higher than any other 
method used.  
 
3.2 Introduction 
Safe, viable and long term storage of cultures is an essential requirement in any 
microbiological research work. Having to frequently re-culture the stored organism 
increases the chances of contamination and physiological changes (Homolka et al., 
2001). The ever increasing choice of storage methods introduced by many 
researchers, for various different organisms, demonstrates the level of importance of 
this issue. Cryopreservation is a way of maintaining biological materials in a 
suspended animation condition under low temperatures, thus preventing the 
alteration in their physiological and genetic characteristics (Taylor & Fletcher, 1998). 
Cox et al. (2009) were the only group to work on cryostorage specifications for the 
marine Protists.  Therefore the present study reports the results of research into an 
improved system of cryopreservation for the Thraustochytrids. Table 3.1 shows 
different cryopreservation methods used for organisms distantly related to 
Thraustochytrids, such as algae and fungi by previous investigations. All these 
methods have advantages and disadvantages and these can be specific to the culture 
being used. Some methods involve the use of specialised equipment which is not 
available in most laboratories, such as vacuum driers for lyophilisation.  
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Table 3.1: The use of different cryopreservation techniques as described by previous 
studies on Thraustochytrids and other Eucaryotes 
Reference  Organism Cryopreservation protocol 
Cox et al. (2009) Thraustochytrids 
By-media 50% 
DMSO 10% 
Horse serum 30% 
(-80°C) 
Day and Harding 
(2008) 
Algae 
10% DMSO in Bold-Basal 
Medium with Vitamins in liquid 
nitrogen  
(-196°C) 
Homolka et al. 
(2007) 
Basidiomycetes 
and yeasts 
Perlite 200mg/1mL 
In 5% Glycerol media 
(-70°C) 
Montaini et al. 
(1995) 
Microalgae 
DMSO 10% 
Under liquid Nitrogen  
(-196°C) 
Beaty and Parker 
(1992) 
Algae 
DMSO 5% 
Under liquid nitrogen     
(-196°C) 
Belkacemi (1997) Fungi 
Beads in Protect System  
(80°C) 
 
As for many single cell microorganisms, Thraustochytrids have been usually 
preserved in glycerol, bovine/horse serum or dimethyl sulfoxide (DMSO) (Cox et al., 
2009). While extensive studies in to the PUFA production by Thraustochytrids have 
been carried out in many parts of the world, study of the storage methods for these 
organisms were few. Cox et al. (2009), reviewed methods involving glycerol, 
bovine/horse serum, DMSO  or combination of these chemicals and concluded that a 
mixture of horse serum and DMSO is best as a cryoprotectant. Thraustochytrids are 
known to lose viability rapidly on repeated thawing and freezing, with post-thaw 
storage greatly reduced the viability of the remaining culture. Therefore it has been 
necessary to use a single, fresh vial of frozen culture for each revival step.  
Thus, storage of Thraustochytrids for research purposes was highly expensive and 
labour intensive as a large number of vials per isolate were required. Expenses 
included the use of media, cryopreservatives and cryovials. Also, a larger storage 
space is also required depending on the size of the culture collection.  
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In order to reduce the costs and time involved with published preservation methods 
(Table 3.1) another pre-existing storage method was tested in this study for 
comparison of survival capacity with that of glycerol storage. The selection of 
glycerol storage for the comparison was due to its current use as the main storage 
method. 
This method involved the use of ceramic or glass beads (pony beads) replacing 
cryopreservatives. Bead systems are commercially available, with media containing 
glycerol and others chemicals included. Related research carried out on different 
organisms including bacteria and fungi suggest that beads facilitate preservation of 
cultures for up to 12 months in both -80 OC and liquid nitrogen (Belkacemi et al., 
1997; Feltham et al., 1978; Nagel & Kunz, 1972). Beads provide a supportive matrix 
for the cultures to adhere to during storage. 
Many of the bead systems currently available as commercial systems (i.e. Protect 
System, Scientific and Technical Consultants Ltd.) are designed for bacteria, and 
proved unsuitable for Thraustochytrids in preliminary tests (results not shown), due 
to the clumping nature of their growth and large cells. While commercial systems for 
yeasts and fungi may be suitable, they are relatively expensive and as a result, the 
major advantage of the cost of using beads is lost.  
Thraustochytrids are generally slow growing organisms with considerable growth 
changes occurring up to seven days of culturing in artificial media. However certain 
fast growers can grow within two days under the same conditions. Therefore it was 
important to understand the effect of the age of culture for a prolonged and viable 
cryopreservation. Like bacteria, Thraustochytrids grow in a typical lag/log/stationary 
phase growth pattern, with a rather long generation time, showing mid/late lag phase 
after two days of incubation, mid log phase after four days of incubation and 
stationary phase after eight days of incubation. These periods were chosen as 
parameters for the age of culture before cryopreservation.  
In order to study the genetic properties of Thraustochytrids, a number of methods 
and protocols for extracting DNA have been introduced and discussed in many 
research articles (Graham et al., 1994; Jakobsen, 2008; Mo & Rinkevich, 2001). 
Common protocols such as phenol-chloroform extraction and microwave lysis were 
employed for similar organisms and found to be useful (Ashktorab & Cohen, 1992; 
Bollet et al., 1991; Graham et al., 1994; Hultner & Cleaver, 1994; Raeder & Broda, 
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1985). However, it was clear that most of these methods were outdated and used 
harmful chemicals as well as requiring a lot of time for sample preparation and 
extraction (Tendulkar et al., 2003). Despite the laborious work load these methods 
still yielded low quality DNA.  The aim of this study was to compare four simplified 
methods that would only take up to two hours from sample preparation to final DNA 
extraction. A rapid DNA extraction protocol with a minimum number of steps can be 
highly advantageous when working with a large number of samples. Also, 
minimising the use of harsh chemicals and equipments could retain the quality and 
shelf life of DNA.  
Both DNA and RNA can now be extracted easily and efficiently with the use of 
commercial extraction kits. These kits offer varying levels of efficiency and quality 
of product. However, unlike bacteria, certain isolates such as Thraustochytrids 
require prior sample preparation due to their thick cell walls as described by Honda 
et al. (1999). However, cell walls of Thraustochytrids are thinner than plant cells 
(Porter, 1990), and so the most suitable DNA extraction kits for Thraustochytrids are 
the plant DNA extractions kits. In this study we used the DNeasy Plant Mini Kit 
(Cat. 69104, QIAGEN, USA) for the comparative analysis of the four extraction 
protocols. The study was performed in order to devise a protocol that incorporated 
the key elements for enhancing the efficiency of DNA extraction from 
Thraustochytrids, whilst also reducing work time, avoiding harmful chemicals and 
noise generating machinery.   
 
3.3  Materials and Methods 
Sample selection  
Three Labyrinthulomycetes were used in this study from three different genera of the 
Thraustochytrids from the Environmental Microbiology Research Group Culture 
Collection (EMRG). The three cultures were sourced from the ATCC (American 
Type Culture Collection as follows: EMRG 527 was Aurantiochytrium sp. 
(ATCC®PRA-276); EMRG539 was Schizochytrium sp. (ATCC®20889) and 
EMRG543 was Thraustochytrium aureum (ATCC®34304). These were initially 
grown in Thraustochytrium culture media (TCM) (Lewis, 2001; Singh & Ward, 
1997) containing artificial sea salt (S9883 Sigma, USA) 32g, glucose (Sigma) 10g, 
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yeast extract (Oxoid, USA) 2g, L-glutamic acid monosodium salt (Sigma, USA) 5g, 
Peptone (Sigma, USA), metal stock (see below for details) (Lewis, 2001) and 
vitamins (see below for details) per litre. The vitamins and metal stocks act as growth 
supplements. During the initial revival from previously frozen cultures (in 30% 
glycerol) and re-culturing, all the isolates were grown in media also containing an 
antibiotic (see below for details) stock (20mL per litre) to prevent possible bacterial 
contaminants from incubators and other potentially sterile but susceptible areas.  The 
pH of the media was measured and regulated at 6.8±0.5 prior to autoclave 
sterilisation.  
 
Media preparation 
The metal stock consisted of seven ionic components in their salt forms dissolved in 
predefined percentages. From the highest percentage to the lowest; KH2PO4 (10%), 
NaHCO3 (10%), MnCl2 (0.86%), FeCl3 (0.3%), ZnSO4 (0.13%), CoCl2 (0.03%) and 
CuSO4 (0.02%) in grams per volume ratio were made in to seven separate solutions. 
The metal stock described by Lewis (2001) has a high affinity to precipitate from 
their saturated states when in a single solution and could create "cloudiness" in liquid 
media after sterilization. Therefore, metal stocks were prepared in separate stock 
bottles and refrigerated to increase their shelf life and a total of 7mL from all the 
seven individual stocks were added to the dry ingredients are dissolved on a stirrer 
heater. This was found to be the best preventive method for cloudiness. The vitamin 
stock contains nine components which include per litre; Vitamin B6 (200mg), 
Vitamin B1 (100mg), Vitamin B5 (100mg), Vitamin Bx (100mg), Vitamin B2 
(100mg), Vitamin B3 (100mg), Vitamin B7 (40mg), Vitamin B9 (40mg) and Vitamin 
B12 (2mg). The antibiotic solution contains penicillin (0.59g/L) and streptomycin 
sulfate (2.5g/L). All the metal stock solutions were added to the liquid medium prior 
to autoclaving and both vitamin and antibiotic solutions were added after 
autoclaving. Vitamin and antibiotic solutions were prepared with sterile DNase- and 
RNase-free water in sterile containers. Each solution was then filtered using 0.22µm 
filter into sterile 1.5mL tubes (vitamins) or 15mL falcon tubes (antibiotics) and 
stored at -20°C.  
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Culturing of Thraustochytrids 
At the revival stage all three original isolates re-cultured and stored from ATCC 
cultures were grown in 100mL of TCM in a 250mL conical flask under aerobic 
conditions in a 20°C shaker incubator at 160rpm and white light illumination. Visual 
observations were made of the growth and the cultures generally exceeded turbidity 
level 1.5 (absorbance) at 550nm within 3-4 days. From each cultured isolate, 100µL 
was spread-plated onto a TCM agar plate containing antibiotics. All isolates were 
sub-cultured onto multiple plates to ensure sufficient recovery and biomass. The 
plates were then incubated at 20°C under white light until a harvestable growth was 
observed on each plate, which usually took up to 3-4 days. Plates were placed 
inverted and unsealed to prevent contamination while still maintaining aerobic 
conditions.   
 
Cryo-vial preparation and storage 
A 30% sterile (autoclaved) glycerol solution was prepared with TCM liquid media 
without any antibiotics. For preservation a 2-3mL of 30% glycerol-TCM solution 
was pipetted onto each plate and the colonies were gently resuspended with a sterile 
spreader. An aliquot of 1mL of the cell suspension was removed in to a 1.5mL 
screw-cap cryovial and immediately stored at -80°C. These isolates may grow into a 
thick biomass and are difficult to pipette using a 1mL pipette tip. In such cases a 
~5mm section of the 1mL tip was cut prior to autoclaving, to provide a slightly larger 
tip opening that would permit passage of large clumps of biomass. The biomass in 
the suspension settles at the bottom of the tube and care must be taken to draw the 
culture from the bottom of each tube, hence avoiding glycerol being taken in to the 
growth media.  
For the bead preservation a set of 1.5mL screw-cap tubes containing 6-8 glass beads 
(4-6mm) were sterilized by autoclaving. The 1.5mL screw-cap tubes were pre-
sterilized; however, it was preferred that the non-sterile beads were sterilized in the 
tubes, rather sterilising separately and transferring them to the tubes, in order to 
avoid possible contamination. A volume of 2mL of TCM without antibiotics was 
added to each culture plate and the colonies were gently mixed into a suspension. A 
1mL sample of this suspension was transferred into a tube containing sterile beads, 
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which was gently inverted with a cap on for few times to coat the beads with culture, 
and to promote the uptake of culture on the surface of the beads, and in the bead-
threading hole. The tubes were allowed to stand for few minutes and the excess TCM 
suspension was gently removed using a pipette without disturbing the settled culture. 
The beads were stored immediately at -80°C.  
Incubation periods prior to cryopreservation were selected in 3 stages. With 
reference to the experience within the research work a 2 day period was identified as 
the lag phase, 4 days for log phase and 8 days for stationary phase. At the end of 
each incubation period each grown culture was used to prepare both glycerol and 
bead stocks. A flow chart summarising the above methods is given in Figure 3.1a. 
All the cryovials, both glycerol and bead, were stored for 6 weeks prior to revival. At 
the end of the storage period both glycerol and bead cultures were revived as follows.  
 
 Cryopreserved starter culture (in glycerol) 
~100L 
 
   
 Incubate in 100mL TCM 
20C and 160rpm shake 
 
   
 Plate on TCM agar ~500L 
Incubate at 20C 
 
 
 
  
Incubation period :2 days Incubation period :4 days Incubation period :8 days 
 
 
  
 Preserved in both bead and 
30% glycerol 
Storage at -80C 
 
Figure 3.1a: Flow chart of the cryopreservation method for the selected cultures.  
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Revival from cryovials 
Glycerol tubes were thawed at 35°C in a water bath for 2-3min until the frozen 
culture was fully thawed. Care was taken not to allow the tubes to thaw at room 
temperature by immediately immersing in water soon after taking out of the freezer. 
The top clear layer of glycerol-TCM suspension (400-500µL) was gently removed 
from the tube to prevent the overflow of liquid while acquiring the cells from the 
bottom of the tube. The cells were then removed with a new 1mL pipette tip. Beads 
were not thawed but were added directly to the recovery medium (TCM) as frozen. 
This is in accord with the usual bead-storage protocols for other micro-organisms. A 
sample of 100µL of glycerol/culture suspension and 2 beads each per culture were 
separately transferred to 20mL of TCM in sterile falcon tubes, and incubated for 2-3 
hours at 20°C with 160rpm shake. The recovery medium did not include antibiotics. 
From each recovery medium, 1mL of culture was transferred to 100mL of TCM 
media without antibiotics in a 250mL conical flask.  
The zero day (inoculation) turbidity of each flask was measured using a 
spectrophotometer (Beckman-Coulter DV730) at 550nm wavelength. All the flasks 
were incubated at 20°C with 160rpm and white light for up to 5 days, the turbidity 
being measured daily, in order to detect the presence of visible/significant growth. 
Measurement of turbidity as an indirect measure of growth was used, rather than 
colony number or other similar methods that may be routinely used for bacteria, 
because of the clumping nature of the growth, which renders viable counts almost 
impossible. It was decided that the ‘first visible growth’ would be the marker of 
recovery, as measured by the turbidity at 550nm. The shaken flasks ensured that 
clumping would be minimised during the recovery growth. During the incubation 
period, flasks were hand shaken on occasion, in order to resuspend and break and 
clumps found in the flasks and release the cells deposited on the flask wall just below 
the liquid level. Measurements were done in duplicate and the averages were 
calculated. 
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DNA extraction 
Since number of DNA extraction methods have been found among the literature 
without any description to their efficiencies it was decided that a simple yet efficient 
method to be introduced for the isolation of Thraustochytrid DNA. Four methods for 
DNA extraction were selected 1) Proteinase K and TissueLyser, 2) TissueLyser, 3) 
Mini Beadbeater and  4) Proteinase K. Methods such as phenol/chloroform 
extraction and microwave treatment were consistently used with modifications 
according the available literature as described in studies performed on 
Thraustochytrids, fungi and other organisms (Ashktorab & Cohen, 1992; Bollet et 
al., 1991; Cavalier-Smith et al., 1994; Graham et al., 1994; Honda et al., 1999; 
Hultner & Cleaver, 1994; Kimura et al., 1999; Maas et al., 1999; Raeder & Broda, 
1985).   
Apart from these methods there are many DNA extractions protocols and it was 
difficult to assess the applicability of all protocols to Thraustochytrids. Three of the 
protocols tested were recorded as having been used in number of studies using 
Thraustochytrids (Jakobsen, 2008; Lewis, 2001), however all these methods involve 
the use of chloroform, liquid nitrogen and phenol. Thus, they were modified into less 
time intensive protocols and tested against each other. The four Thraustochytrids 
used for total genomic DNA extraction by each of the four methods (Figure 4.1) 
included three isolates EMRG543, 539 and 527 which were subcultures of three 
ATCC (USA) type cultures 34304, 20889 and PRA-276 respectively and the 
EMRG522 which was an Australian marine or low salinity isolate. 
The four isolates were cultured in Thraustochytrid culture medium (TCM) (Lewis, 
2001; Singh & Ward, 1997) as described previously.  
 Total genomic DNA extractions were carried out as depicted in Figure 3.1b. Isolates 
cultured in TCM for three days were used for the extraction process. Approximately 
100mg of biomass from each isolate was placed in a 2mL screw-cap centrifuge tube. 
Each tube was filled with culture medium and centrifuged at 8000rpm for 30sec and 
the liquid was discarded. This step was repeated until 100mg of each biomass was 
collected.  
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Method 1 
ProtinaseK and 
TissueLyser 
Method 2 
TissueLyser 
Method 3 
Mini Beadbeater 
Method 4 
ProtinaseK 
Cell biomass (0.1g) 
 
 
Cell biomass (0.1g) Cell biomass (0.1g) Cell biomass (0.1g) 
Single 5mm stainless 
steel bead + 20L 
ProtinaseK(>600 
mAU/ml) 
 
 
Single 5mm stainless 
steel bead 
0.1g o.1mm 
Zirconia beads 
20L 
ProtinaseK(>600 
mAU/ml) 
400L of Lysis 
buffer AP1 
 
 
400L of Lysis 
buffer AP1 
400L of Lysis 
buffer AP1 
400L of Lysis 
buffer AP1 
Incubate at 70OC for 
30min 
 
 
Incubate at 70OC for 
30min 
Cell disruption using 
TissueLyser 
 
 
Cell disruption using 
TissueLyser 
 
Cell disruption using 
mini beadbeater 
 
 
4L RNaseA 
(10mg/mL) 
 
 
4L RNaseA 
(10mg/mL) 
4L RNaseA 
(10mg/mL) 
4L RNaseA 
(10mg/mL) 
Incubate at 65 OC for 
10min 
 
 
Incubate at 65 OC for 
10min 
Incubate at 65 OC for 
10min 
Incubate at 65 OC for 
10min 
Extract DNA using 
the QIAGEN DNeasy 
Plant Mini kit 
(69104) 
Extract DNA using 
the QIAGEN DNeasy 
Plant Mini kit 
(69104) 
Extract DNA using 
the QIAGEN DNeasy 
Plant Mini kit 
(69104) 
Extract DNA using 
the QIAGEN DNeasy 
Plant Mini kit 
(69104) 
 
Figure 3.1b. The four modified methods used for the extraction of total 
genomic DNA from the 4 Labyrinthulomycete isolates  
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In both methods 1 and 4 the biomass was resuspended in 400µL of lysis buffer AP1 
(QIAGEN) and 20µL of proteinase K (>600 mAU/ml). The tubes were incubated at 
70°C for 30min in a water bath. The tube from Method 1 was had a 5mm stainless 
steel bead inserted before incubation. After incubation, the biomass in the tube from 
Method 1 was disrupted using TissueLyser II (QIAGEN) with 30Hz for 1min. In 
Method 2 the biomass was disrupted using TissueLyser without incubating with 
proteinase K. In Method 3 the biomass was disrupted using mini-beadbeater 
(BioSpec Products, USA) along with 0.5g of 0.1mm zirconia beads (11079105Z, 
Daintree Scientific, Australia) at 30Hz for 2min. All the tubes containing disrupted 
biomass was then mixed with 4µL of RNaseA (E866, Ameresco, USA) and 
incubated at 65°C for 10min inverting 2-3 times during the incubation period. Total 
genomic DNA from all tubes was extracted using the DNeasy Plant Mini Kit (Cat. 
69104, QIAGEN, USA) and according to its standard extraction protocol. The 
extracted total genomic DNA was eluted with 100µL of TE buffer and stored at -
20°C until further use. 
All extracted DNA were quantified using a spectrophotometer at 590nm wavelength 
for double stranded DNA. Each extract was also resolved in 1% agarose gel in TBE 
buffer stained with Gel-Red (Biotium, USA) and visualised (Figure 4.2) using the 
UV illumination and gel documentation system (BIO-RAD, USA). 
  
3.4 Results and Discussion  
Cryopreservation experiment 
The results of the storage experiment, as shown in Figure 3.2, 3.3 and 3.4, confirmed 
that beads preserved viability equally as well as glycerol. Since a single bead from 
each vial is required for the revival and no thawing is required, a prolonged 
preservation and significant reduction of storage space for each organism would 
result from bead use. It was also observed that early log phase was the ideal growth 
phase for the preservation of Thraustochytrids. 
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A 
 
B 
Figure 3.2: Growth of isolate EMRG527 (Aurantiochytrium sp.) after -80°C storage 
Graph A depicts the growth from 30% glycerol and B from beads. Measurements 1-5 
were taken at 24 hour intervals. Each line represents the growth stage where isolates 
were taken in to preservation. Lag, early log and stationary are 2 day, 4 day and 8 
day respectively. 
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A 
 
B 
Figure 3.3: Growth of isolate EMRG539 (Schizochytrium sp.) after -80°C storage  
Graph A depicts the growth from 30% glycerol and B from beads. Measurements 1-5 
were taken at 24 hour intervals. Each line represents the growth stage where isolates 
were taken in to preservation. Lag, early log and stationary are 2 day, 4 day and 8 
day respectively. 
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A 
 
B 
Figure 3.4: Growth of isolate EMRG543 (Thraustochytrium aureum) after -80°C 
storage. Graph A depicts the growth from 30% glycerol and B from beads. 
Measurements 1-5 were taken at 24 hour intervals. Each line represents the growth 
stage where isolates were taken in to preservation. Lag, early log and stationary are 2 
day, 4 day and 8 day respectively. 
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The results showed that both methods were successful in preserving and reviving the 
Thraustochytrids (Figures 3.2-3.4). It was found that there was little difference 
between the two methods used, the only measurable difference being an extra day 
before first visible growth, in the case of bead preservation. All measurements were 
done in duplicate and the results were mostly under the 5% standard error (data not 
shown). 
All of the isolates showed satisfactory revival for both glycerol and beads systems in 
the samples recovered from lag (2 day) and log phases (4 day) of growth. Cultures 
stored in glycerol medium took only two to three days for the significant increase of 
viable biomass, noted as first visible growth, for all the three isolates. The cultures 
stored on beads took three days for Schizochytrium sp., and four days for the 
Aurantiochytrium sp., and Thraustochytrium aureum to show first visible growth. 
Despite recovering with a first visible growth the same as the other cultures, 
Thraustochytrium aureum showed poor growth levels for both glycerol and bead 
systems, as shown by the turbidity measurements which were less than half those of 
the other two cultures. This is due to the slow growing property of this culture since 
while making the cryovials, cellular biomass from a single flask per isolate was 
required to be used for both glycerol and beads. The slow growth of the 
Thraustochytrium aureum was also observed from its original ATCC cryovial and so 
is considered to be a characteristic of the culture used for this study.  
It was also observed that both lag (2 day) phase and log (4 day) phase were suitable 
for cryopreservation, but not stationary (8 day) phase. During the stationary phase 
there is expected to be a considerable number of dead or dying cells, and tertiary 
metabolites, and as a result, the cells will not grow during re-culture. The high 
biomass in flasks grown up to the stationary phase thus be misleading for high 
concentration of active cells. It is possible that researchers in the past have used 
mature plate cultures for storage sources (not a detail usually included in 
publications), and these have shown in this study to be inappropriate. Therefore, 
based on the outcomes of this study it is recommended that log phase or late lag 
phase cultures with two to four days growth be used for optimum revival rate of 
Thraustochytrium isolates.  
As there was no major difference in recovery from glycerol and beads systems, the 
only favourable factor towards use of glycerol was its three day average revival rate. 
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However, despite this advantage, beads are still deemed to be more suitable than 
glycerol as a preservation method for practical reasons. A single vial of eight beads 
can replace eight single use glycerol tubes per sample or isolate. This will reduce a 
large number of vials being produced and saves time and storage space.  It also 
ensures that repeated samples will be taken from exactly the same source, reducing 
sampling error. This is quite important for Thraustochytrids because the clumping 
growth pattern may cause dissimilarities from one vial to the next, but this is much 
less likely using beads in a single vial.  
In comparison to the investigations by Cox et al. (2009) the bead preservation cannot  
selected as a better method for cryopreservation or significantly superior to glycerol 
preservation. The growth times in their experiments did not show sudden increase of 
biomass until the fourth or to the sixth day (data not shown), whereas in this study it 
was only between the second or the third day. These differences cannot be compared 
without investigations using the same isolates as this could be purely a cultural 
property. In both investigations, the storage time was similar with the first using 
liquid nitrogen at -196°C and the latter using -80°C. The exact duration for Cox et al. 
(2009) was one month. Surprisingly, preservation in liquid nitrogen did not give the 
DMSO based protocol an advantage over the bead system. This indicates that more 
cells in each cryotube with DMSO had cryopreservation damage than in beads. Since 
there was no thawing of the culture in the bead system, post-thaw cellular damages 
did not occur and a successful revival of culture could be achieved. 
Preparation and set up of bead systems a similar amount of time to the use of 
glycerol, but a cryopreservative agent was not required. This reduced the costs 
associated with these agents and cryotubes. The use of water baths and heat blocks 
can also be avoided and the tubes can be placed in an ice block to keep the beads 
frozen while in use. Considering all of these factors, it can be suggested that in terms 
of survival characteristics, bead preservation is a compatible replacement for glycerol 
or other cryopreservative agent (table 3.1) but is less labour intensive and more 
economical. The applicability of this method in other single cell eucaryotic 
organisms would also be useful. 
 
 
 55 
 
DNA extraction experiment 
Due to the unique nature of the Thraustochytrids, it was necessary to determine a 
suitable method for DNA extraction, selecting from others used for Eucaryote cells. 
Since a number of DNA extraction methods have been found among the literature 
without any description to their efficiencies; it was decided that a simple yet efficient 
method to be introduced for the isolation of Thraustochytrid DNA. 
Four simplified DNA extraction methods (Figure 3.1) which avoid the use of phenol, 
chloroform, liquid nitrogen or any other chemical treatments were compared on four 
different Labyrinthulomycete isolate (Figure 3.5). The efficiency of the procedure 
varied between the treatments. None of these methods required more than two hours 
from step one to elution, which was an advantage over the previously published 
protocols which could take up to 24 hours for sample preparation (Mo et al., 2002; 
Mo & Rinkevich, 2001; Perveen et al., 2006; Tendulkar et al., 2003; Yokochi et al., 
2001). Since they all avoided the use of potentially dangerous chemicals such and 
phenol and chloroform and used a simple and safe extraction kit, the overall quality 
of DNA was higher. However the methods remained relatively expensive for the 
chemicals but this was reduced as a factor when extraction time was also taken into 
consideration.  
 
Figure 3.5. Total genomic DNA extracted from the three selected isolates  
M: Molecular weight marker with largest band 1kb. Each well loaded with 3uL of 
marker and 5uL of total genomic DNA. Lanes 1-4 depict the DNA extracted from 
EMRG543 using methods 1-4, lanes 5-8 depicts DNA from EMRG539, lanes 9-12 
for EMRG527 and Lanes 13-16 for EMRG522. All samples were resolved in 1% 
agarose gel at 110volts for 40mins and visualized under UV. 
 
 56 
 
The concentrations of total genomic DNA of the four isolates using the four methods 
are shown in Figure 3.6. When eluted with 100L of elution buffer, the average 
concentration of total genomic DNA for method one was 85µg/ml from 100mg 
biomass. Methods 2, 3 and 4 yielded 36µg/ml, 57.92µg/ml and 15.71µg/ml total 
genomic DNA respectively. It was evident that Method 1 yielded more DNA than 
the other three methods. The typical yield from 100mg sample size according to the 
QIAGEN plant mini kit hand book was around 60µg. The use of zirconia beads also 
proved to be more effective than the TissueLyser without proteinase K treatment 
with 57.92µg/ml average as against 36.40µg/ml. The use of proteinase K without any 
mechanical disruption was not successful in obtaining high yields of DNA as the 
average was just 15.71µg/ml. 
Both zirconia and stainless steel beads were efficient at disrupting cell walls of the 
organism though their high velocity bombardment during the vibration. TissueLyser 
and mini bead beater use the same principal, however TissueLyser is the latest and 
less noisy and safer compared to the mini bead beater. Proteinase K is reported to 
effectively degrade cell walls thus releasing the cellular content (Goldenberger et al., 
1995). However, the Thraustochytrid cell wall is rich with proteins and low in 
polysaccharides of which is predominantly xylose (Moss, 1986). This may be useful 
for proteinase K activity but the xylose and other long chain polysaccharides may 
also act as mechanical barriers for the genomic DNA to come into solution easily 
without the help of a mechanical shearing. Therefore the combined use of both 
proteinase K and mechanical disruption of the cells wase successful in extracting 
total genomic DNA.  
The use of stainless steel beads alone fell behind the zirconia beads, due possibly to 
the nature of the sample used. The single bead was effective in grinding dry or solid 
material rather in liquids. The zirconia beads however are 0.5mm in thickness and 
can be vibrated at a very high velocity inside a tube, and a 100mg of the powder may 
contain billions of small glass pieces. Therefore, it can be assumed that the use of 
either zirconia or single bead in conjunction with Proteinase K is far more efficient in 
DNA extraction. However, the reusability and compatibility with TissueLyser, the 
most favourable was the stainless steel bead.  
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Figure 3.6: The concentrations of total genomic DNA extracted by the four methods: 
Method 1 (PKB), Method 2 (beads), Method 3 (zirconia) and Method 4 (PK)  
 
It is important to isolate sufficient quantities of good quality DNA for genomic and 
gene manipulation studies and it is also important to minimize time consuming 
methods especially when working with large numbers of samples.  
The results of this study proved that the use of chemicals such as phenols, 
chloroform and liquid nitrogen could be easily avoided, as efficient DNA extractions 
were done with less than an hour of sample preparation compared to 24 to 48 hours 
for other methods. The TissueLyser is safe and is less noisy than the mini beadbeater 
and up to 48 samples could be processed compared to the 16 for the beadbeater. With 
the use of proteinase K treatment, the use of TissueLyser was advantageous rather 
than the beadbeater system. Zirconia beads are non-recyclable and can block the 
filters in spin columns. The stainless steel bead used in TissueLyser was reusable and 
only needed to be rinsed and autoclaved before use. It was also evident that the DNA 
extracted could be used for PCR studies.  
Laboratories around the world are now adapting to new and easier methods and 
equipments for their research work. These are easy as rapid DNA extraction kits that 
do not require the user to prepare necessary complicated reagents and instruments to 
permit the effective use of such kits. Many commercial DNA extraction kits have 
their own recommended preparatory instrumentation as well. Observation of the 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
PKB 
Beads 
Zirconia PK 
To
ta
l g
e
n
o
m
ic
 D
N
A
 (

g 
p
e
r 
m
l)
 
Method 
EMRG543 
EMRG539 
EMRG527 
EMRG522 
Average 
 58 
 
number and the type of organisms (plants, animals, microorganisms) now being 
studied, it is not always easy to find exact references of DNA extraction protocols for 
many organisms. Most of the time the nearest match and the protocols designed for 
the intended organism or cell is used such as cell wall properties, 
genetic/classification or cultural similarity. For example for Thraustochytrid genomic 
DNA extraction it is recommended to use Plant DNA extraction kits rather than 
bacterial or yeast. However, these may not provide the most efficient extraction since 
the protocols are not specifically designed for Thraustochytrids or its related genera. 
Since, all these commercial kits provide less labour intensive work and avoids the 
use of phenol/chloroform it is highly favourable for both speedy and quality research.   
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Chapter 4: Taxonomy of Thraustrochytrids: Phenotypic and 
Genotypic methods  
4.1 Summary 
The initial aim of this part of the study was to improve the taxonomic methods used 
to classify Thraustochytrids, as there has been significant disagreement in published 
literature about the best means by which to do this (Cavalier-Smith et al., 1994). The 
state of taxonomic study of Thraustochytrids is relatively undeveloped, and a 
consistent, reliable, and relatively simple system to classify these organisms was 
required. Such a system would support bio-prospecting for these organisms, as new 
isolates could be taxonomically compared to the best PUFA-producing cultures 
already available. The predictive power of a strong taxonomic system cannot be 
underestimated.  
As a part of this process, the morphological features of selected Australian 
Thraustochytrid isolates were observed and recorded for the first time.  The aim was 
to observe the active fruiting bodies of the organisms, known as the biflagellate 
zoospores, which have been previously used for taxonomic purposes. As the current 
classification system of Thraustochytrids also includes 18S rDNA analysis 
(Eucaryote, Housekeeping gene), the 18S rDNA sequences of all the selected 
Australian isolates were analysed and aligned to the extent that this was possible, 
against each other and also the sequences available on the GenBank database. The 
completed new 18S rDNA sequences for Australian isolates have been uploaded onto 
GenBank following this analysis (Table 4.5).   
Finally, a system of ‘fingerprints’ was established for 15 isolates and three control 
cultures, using Randomly Amplified Polymorphic DNA – Polymerase Chain 
Reaction (RAPD-PCR). Three monophyletic clusters were found among the selected 
isolates. Further analysis of isolates of the same species isolated from different 
environments would help discriminate regional differences and genetic drift among 
the phylum. However in this study it was found that as few as three primers were 
able to separate isolates into different categories.  
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4.2  Introduction 
Thraustochytrids are variously classified either as fungi or algae by scientists around 
the world, reflecting great debate about their taxonomy. However, at present they are 
recognised as a group of protists belonging to the Kingdom Straminipila 
(Raghukumar, 2002) or Kingdom Chromista (Cavalier-Smith, 1997; Cavalier-Smith 
et al., 1994) and further classified into the class Labyrinthula or Labyrinthulomycetes 
(Burja et al., 2007; Raghukumar, 2008). Thraustochytrids were originally placed 
taxonomically among the members of fungi or the kingdom Mycota (Sparrow, 1969; 
Sparrow, 1976). However, new studies (Adl et al., 2005) have shown that 
Thraustochytrids are a unique group of Eucaryotes, prompting the establishment of a 
new classification system. Their morphological characters and 18S rDNA gene 
sequences have also supported the separation of Thraustochytrids in to the new 
kingdom, Straminipila (Bongiorni et al., 2005a). Other physiological and 
morphological features of Thraustochytrids include the ectoplasmic net elements 
(EN), sagenogenetosome, and production of zoosporangia and biflagellate zoospores 
(Aki et al., 2003; Amon, 1978; Kazama, 1974; Perkins, 1973a; Perkins, 1973b).  
According to current published data, the class Labyrinthulomycetes is divided into 
two main families - Labyrinthulaceae and Thraustochytriaceae. The family 
Labyrinthulaceae contains a single genus, Labyrinthula,  whereas the family 
Thraustochytriaceae has eleven genera: Aplanochytriu;, Althornia; Japanochytrium; 
Auranthiochytrium; Oblongichytrium; Schizochytrium;, Thraustochytrium; 
Sicyoidochytrium; Ulkenia; Parientichytrium and Botryochytrium (Yokoyama et al., 
2007).  
Although there have been extensive studies regarding the industrially important 
PUFA production by Thraustochytrids and their morphological characteristics, the 
taxonomy of Australian Thraustochytrids has not been well explored. Publications by 
Lewis et al. (Lewis, 2001; Lewis et al., 1985; Lewis et al., 1998; Lewis et al., 1999, 
2001) have mostly focused on PUFA production and industrial importance of 
Thraustochytrids.  
Though physical characteristics are too inconsistent to be useful for taxonomic 
classification of the Thraustochytrids  (Lewis, 2001), the classical taxonomy, based 
on physical characteristics, still differentiates the kingdom Straminipila from the rest 
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of the plant and animal kingdoms. Research carried out on Thraustochytrids and 
labyrinthulids in the past, showed that further clarification was required, either to 
support the use of morphological features, or to replace them with newer 
technologies such as molecular (DNA) based classifications.   
In the past few years many different marker systems have been introduced and 
among the most commonly used are Restriction Fragment Length Polymorphism 
(RFLP), Random Amplified Polymorphic DNAs (RAPD), Sequence Tagged Sites 
(STS), Amplified Fragment Length Polymorphism (AFLP), Simple Sequence 
Repeats (SSRs) and Single Nucleotide Polymorphism (SNPs)  (Korzun, 2002; Wang 
et al., 2003).  
Of these methods, RAPD was considered to be suitable in this case, after 
consideration of a number of aspects. RAPD profiling needs a very low quantity of 
DNA - as low 0.02µg per reaction - and has low development and analysis costs 
(Korzun, 2002). Also Wang et al. (2003) reports that RAPD has been used 
successfully in examining genetic variability in plants, linkage map studies on 
tomato, evolution and population genetics. When the experimental materials are 
closely related, it has been found to be best to use RAPD or AFLP (Klakhaeng, 
1997).  
Taking all of these factors into account, it was decided to test a RAPD-PCR method 
for the further profiling of the closely related members of the Thraustochytrids as a 
potential extension of the somewhat inadequate 18S rDNA-based classification. 
RAPD-based primers are universal and can be used to amplify fragments of DNA 
from virtually any organism including both eucaryotic and prokaryotic. However, 
they target unique sites among each organism, so the profile they generate is unique 
among the same species and similar among closely related. Therefore, any RAPD-
based primer can be used as a profiling system, but it is important to establish a 
common set of markers if the profiles of unknown are to be matched with the known, 
for the purpose of identification and classification. In this exercise we used OPC 
primers (Operon Technologies, Alameda, USA) as a marker system.  
Oclarit and Hepowit (2007) showed the reliability of RAPD-PCR for the 
characterisation of Thraustochytrids from its related genera Schizochytrium from 
mangroves in Philippine archipelago. Their study supported the use of RAPD-PCR 
as a fingerprinting method for Thraustochytrids as they are clonal and not sexually 
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reproducing organisms. Due to this feature, the clonal identities remain the same for 
each progeny and differ between species. The study had differentiated previously 
known Thraustochytrium and Schizochytrium into two different clades confirming 
the validity of the method.  
Australia has a wide variety of brackish water and marine eco-systems around the 
large continent and therefore is possible to have organisms with a range of genetic 
drifts. These geographical factors, together with environmental factors, may produce 
Thraustochytrids with much genetic variance and such variation may also have 
effects on the PUFA producing capabilities. Since Thraustochytrids reproduce 
asexually, each polymorphic fragment across all the related genera can be used to 
understand their clonal identity (Bongiorni et al., 2005b; Honda et al., 1998; 
Williams et al., 1990).  
In this study the morphological features of selected unidentified Australian 
Thraustochytrids were investigated, compared with three known (ATCC) cultures 
belonging to three different genera of the family Thraustochytriaceae. Observations 
were made by means of microscopic and macroscopic appearance of liquid and plate 
cultures, and molecular biological analysis was performed using existing methods 
described and made available though publications.   
Preliminary Note 
The set of cultures used for all three subsequent studies included twelve Australian 
Thraustochytrid isolates selected from the collection of the Environmental 
Microbiology Research Group (EMRG), which were predominantly sourced from 
the southern seas (Australian) and kindly provided by Cellborne Pty Ltd., Tasmania, 
plus 3 ATCC (American Type Culture Collection) type-cultures of known identity 
(Table 4.1), hereafter referred to as “control cultures”. 
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Table 4.1: Sources of test cultures 
Isolate # Source 
EMRG502 Marine, Australia 
Source: 
Cellborne Pty Ltd, 
Tasmania 
EMRG510 Marine, Australia 
EMRG515 Low salinity, Australia 
EMRG517 Marine, Australia 
EMRG518 Unknown origin, Australia 
EMRG519 Unknown origin, Australia 
EMRG521 Unknown origin, Australia 
EMRG522 Marine, Australia 
EMRG523 Unknown origin, Australia 
EMRG544 Marine, Australia 
EMRG545 Low salinity, Australia 
EMRG546 Unknown origin, Australia 
EMRG527 
(Autrantiochytrium sp. 
ATCC®PRA-276) 
Marine sediments and seawater, 
South Coast, Madeira, Portugal 
Source:  
American Type Culture 
Collection (ATCC) 
catalog (www.atcc.org) EMRG539 
(Schizochytrium  sp. 
ATCC®20889) 
Seawater, California, USA 
EMRG543 (Thraustochytrium 
aureum ATCC®34304) 
Littoral water, Woods Hall, 
Massachusetts, USA 
 
This chapter is subdivided in to two parts (Part A and Part B). Part A involves the 
morphological comparison of the selected Thraustochytrids genera in relation to the 
microscopic observations. Part B involves the establishment of genotypic taxonomy 
using RAPD PCR method and comparison to the 18S rDNA classification.  
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Part A 
4.3 Morphological (Phenotypic) Taxonomy 
4.3.1  Materials and Methods 
Sample revival and growth  
All of the cultures used were first or second generation following initial revival from 
the original cryovials procured from their respective sources. All cultures were 
grown in Thraustochytrium culture media (TCM) (Lewis, 2001; Singh & Ward, 
1997) with supplements and antibiotics as described in detail in Chapter 3 (Section 
3.3 Materials and Methods).  
During the initial revival stage all the isolates were grown in 100mL of TCM in a 
250mL conical flask under aerobic conditions in a 20°C shaker incubator at 160rpm 
and white light illumination without any antibiotics. The subculturing of the 
recovered isolates was then performed on TCM liquid media or TCM solid media 
(10g agar per 1000mL) with antibiotics incorporated. Visual observations were made 
of the growth and the cultures generally until they exceeded turbidity level 1.5 (A550 
= absorbance at 550nm), which was usually within 3-4 days. 
 
Microscopic study or phenotypes 
Microscopic observations were made using Olympus®CX31 biological microscope 
attached with a USB eye-piece camera and computer aided imaging software. 
Recorded images were made at x400 and x1000 magnification levels. No special 
staining techniques were necessary and observations were made on fresh wet mounts 
of broth cultures. The 1000x magnifications were performed using an oil immersion 
lens and suitable immersion oil. 
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4.3.2 Results and Discussion (Morphological comparison) 
Microscopic features of the 15 cultures were recorded in Table 4.2. 
Photomicrographs representative of the various features noted have been included in 
Figures 4.4 and 4.5.  
The isolate EMRG502 showed characteristic binary fission, and formed small slow 
growing colonies on TCM. Ectoplasmic nets were not visible and no large 
zoosporangia were detected. As the cells matured, they divided through binary 
fission forming firstly a diad, and then further division resulted in clusters of four, 
eight and to a maximum of twelve cells, which form a globular cluster.  
The isolates EMRG502, 544, 545, 515, 517, 522 and 546 formed small vegetative 
cells and ectoplasmic nets were not detected. The isolates EMRG510, 518, 523, 527 
and 519 formed medium to large globose zoosporangia with clearly visible 
biflagellate zoospores.  
According to the “Key to Families and Genera of the order Labyrinthulales” (Figure 
2.5, Yokoyama et al., 2007), the absence of ectoplasmic nets, together with the 
globose shape of the vegetative cells, identify the isolates and control cultures as 
belonging to the Family Thraustochytriaceae, which also includes the genera of the 
three control cultures. The control cultures EMRG527 and 539 and 543, being 
Aurantiochytrium, Schizochytrium and Thraustochytrium respectively, were 
indistinguishable from the isolates on the basis of these two morphological features.  
Other features observed in the various cultures, as recorded pictorially in Figure 4.1, 
included intracellular organelles such as Golgi bodies, vacuoles, lipid bodies and 
nuclei (#544, #545); amoeboid cells (#510); and a wide range of mature cell sizes 
from one isolate to another (20µm #515 to 4-7µm #415). In Figure 4.2, features 
observed and recorded were as follows: a giant mature thallus (#518) measuring 
between 50-80µm in diameter and containing granular content; amoeboid 
zoosporangium (#519) with active zoospores; and sporangiophores (#523, # 527 and 
#546).   
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All of the recorded characteristics have previously been observed in overseas 
isolates, but not previously systematically recorded for the Australian collection 
(CEC). These are some of the features that have been used for taxonomic 
characterisation. While the information recorded is partial, it was decided to attempt 
some level of taxonomic identification using the keys mentioned earlier (Chapter 2: 
Figures 2.5 and 2.6) 
According to Yokoyama’s key (Figure 2.5, Yokoyama et al., 2007), morphological 
features that permit classification to genus level include as follows: for 
Thraustochytrium – a thallus that develops into a single zoosporangium; for 
Aurantiochytrium – a thallus occurring following successive binary fission of 
vegetative cells, plus small colonies without a well developed ectoplasmic net; and 
for Schizochytrium – large colonies, a well developed ectoplasmic net, and a thallus 
occurring following successive binary fission of vegetative cells.  
Applying these criteria to the isolates, it was noted that only isolates EMRG515, 522 
and 544 had large colonies, as well as the Schizochytrium control culture 
(EMRG539). It was not possible to detect ectoplasmic nets in any of the isolates or 
controls, even in the Schizochytrium control culture. Schizochytrium genus was also 
recorded by Yokoyama et.al, (2007) as producing ß-carotene, whereas the control 
culture was pale pink, rather than the expected yellow colour. Of the three isolates 
possibly related to Schizochytrium, EMRG515 and 544 were yellow, whereas isolate 
EMRG522 was a strong pink/red colour.  
The morphological features for the genus Aurantiochytrium were so vague as to 
apply to some extent to most of the isolates, with the “small colonies” criterion being 
applicable to isolates EMRG545, 510, 517, 521, 523 and 546. None of these isolates 
displayed ectoplasmic nets. These isolates all had different cell arrangements, 
ranging from clusters of various sizes to large amoeboid conglomerations, so the 
stipulation of “small colonies/no ectoplasmic nets” is not sufficient for genus level 
identification. Clearly, the information about thallus formation would have improved 
the genus level identification, but this data was not available for the selected isolates.  
Bongiorni et al. (2005a) described an identification system for species level 
identification of members of the genus Thraustochytrium (Figure 2.6) using direct 
microscopic observation and based primarily on the presence and nature of the 
zoospores and zoosporangia. However, this classification system raised many 
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problems, as key morphological features often overlapped among member genera 
(Yokoyama & Honda, 2007). 
To a certain extent, species level identification of the unknown isolates may be 
attempted using the unknown isolates under investigation by reference to the 
Bongiorni Key (Bongiorni et al., (2005a), but only by assuming that the isolates 
belonged to the genus Thraustochytrium. For example, isolates EMRG502, 545 and 
517 did not appear to produce motile zoospores, or at least these were not detected. 
This feature sets them apart from the other isolates. Most Thraustochytrium species 
have motile zoospores according to the Bongiorni key. The exception is T. 
proliferum, which has non-motile zoospores at the time of discharge, so the three 
isolates EMRG502, 545 and 517 may be tentatively assigned to this species.  
Further species level identification using the Bongioni key is based on the size, shape 
and nature of the zoosporangia. Unfortunately, some of these features require 
specialist equipment and extensive expertise, neither of which was available in this 
study. Those species with small zoosporangia - up to 17µm, less than 20µm in 
diameter - were identified as T.aurium and T.benthicola respectively, with the 
position of the flagella on the zoospores being additional information for the species 
identification (lateral, and apical/subapical respectively). Small zoosporangia were 
recorded only for one isolate, EMRG515, these being approximately 20µm in 
diameter, which implies that it may be identified as possibly T.benthicola.  
Of the species with larger zoosporangia, species level definition is based on the 
persistence of the cell wall following zoospore discharge, and the shape of the 
zoosporangia. Observations of the isolates did not reveal any retained cell wall, 
although the “collar” of cell wall described for T.kinnei may have been present but 
not noticed. The species T.antracticum features a zoosporangial cell wall that 
disintegrates completely on discharge of the zoospores. Two species retain all or part 
of the cell wall: T.motivum, which has a globose, subglobose or obpryiform 
zoosporangium and retains its cell wall largely intact; and T.kinnei, which has an 
obpyriform (shaped like an upside down pear) zoosporangium, and retains only a 
small collar of the cell wall after discharge of the zoospores.  
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All of the zoosporangia were globose, not obpyriform. Thus the majority of the 
remaining isolates could be any of these three species, with a slight bias towards 
T.motivum due to the shape of the zoosporangia. This applies to isolates EMRG510, 
518, 519, 521, 523 and 546. However the absence of retained cell wall works against 
this species, and towards T.antracticum.  
The observations made and recorded in the research reported in this chapter 
demonstrate that morphological keys are at best a blunt tool, required much more 
complex observations than those carried out for this study, and are potentially of 
little use in classifying unknown isolates. Critical features (e.g. motility of zoospores, 
size and shape of zoosporangium) involve expert interpretation, and may be subject 
to change with variable growth conditions.  
Therefore, a more robust, accurate and reliable method of taxonomic analysis is 
required for Thraustochytrid identification and classification. Molecular methods of 
analysing genetic material have proved highly beneficial in this field for other micro-
organisms, and so will be the next process to be tested for classification purposes.   
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Table 4.2: Macroscopic and Microscopic features of tested Thraustochytrid cultures 
 
 Colony Size Colour 
(pigmentation) 
Vegetative 
Cell size 
Thallus arrangement Zoosporangia Biflagellate 
Zoospores 
502 Moderate size to 
small colonies  
Pale yellow Small to medium In 2, 4, 8  clusters ND ND 
544 Large Colonies Pale yellow Medium  Single or 2-3 in clusters ND Detected 
545 Small isolated Pale pink  Small  In over 10 cell clusters ND ND 
510 Small colonies          ND small In irregular multi-cell clusters 
with amoeboid cells 
Detected 
Medium to large 
size 
Detected 
515 Large colonies Pale yellow Small  In globules or irregularly attached  Small Detected 
517 Small colonies Pale pink Small  In irregular clusters ND ND 
518 Small colonies  Pale yellow Large  Small clusters with few larger 
cells 
Large detected Detected 
519 Small colonies ND Medium  Cells in 2, 4, 8 clusters and large 
amoeboid cells alone. 
Very large Detected 
521 Small colonies  ND Small  All cells are in irregular clusters Medium size Detected 
522 Large colonies  Strong pink/red 
pigmentation  
Small  Small clusters with more than 20 
cells 
ND  Detected 
523 Small colonies Pale yellow Small to medium  Small clusters Medium size Detected 
546 Small to large 
colonies 
Pale yellow Small to medium  Small clusters with 8 to 20 cells  Medium size Detected 
527 Small colonies Pale pink Small  Irregular clusters Medium size Detected 
539 Large colonies  Pale pink Small  Globules with more than 20 cells  ND Detected 
543 Moderate  Pale yellow Small  Globules with more than 20 cells Medium size Detected 
ND: Not detected or recorded 
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                      1                                                     2                                                       3 
Figure 4.1a: Developmental stages of the isolate 502 showing: 1 - formation of a Diad; 2 - tetrads and 
eight cells and 3 - to a maximum of 12 cells forming a globular cluster. 
   
                     4                                                      5                                                       6 
Figure 4.1b: A small cluster of mature #544 (4, 5) and #545 (6) showing larger number of 
intercellular organelles such as Golgi bodies, Vacuoles, lipid bodies and Nuclei 
   
                    7                                                    8                                                            9  
Figure 4.1c:  The isolate #510 show larger amoeboid cells among the smaller mature cells (7); 
Comparatively small mature cells of #515 (8) and a large cluster of #517 with 4-5µm size mature cells 
(9).  
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                      1                                                     2                                                       3  
Figure 4.2a: 1-Mature thallus of #518 with granular content inside. The cells are between 50-80µm in 
size and are over ten times larger than the vegetative cells.  2 -Amoeboid zoosporangium of #519 with 
active zoospores as it's about to explode. 3 - Cluster of mature vegetative cells and amoeboid cells of 
#521. 
 
 
 
                     4                                                      5                                                       6  
Figure 4.2b: 4 -Cluster of mature cells in the isolate 522. No excessively large cells can be seen at 
any stage of the growth. 5 - Shows the vegetative cells and sporangiophores of #523, and 6  shows the 
same for #546 
  
 
                     7                                                    8                                                            9 
Figure 4.2c: 7 shows the vegetative cells and sporangiophores of #527. 8-9 Show the clusters of 
vegetative cells dividing through binary fission. 
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Part B 
4.4 Genotypic (Molecular) Taxonomy: 18S rDNA 
The RAPD PCR was done in two sections. In the first section a set of 15 isolates 
including three ATCC cultures were used for the method development and in the 
second section a set of four cultures recognized as Thraustochytrium kinnei were 
tested using this method and the comparison was done excluding the ATCC strains. 
Hence the second section uses 16 isolates/cultures. This was necessary due to loss of 
some local strains during testing (Section 2 was performed prior to Section 1 for 
reasons of equipment availability), which were subsequently replaced with ATCC 
strains 
4.4.1 Materials and Methods 
DNA extraction 
Total genomic DNA extractions from the 12 test isolates and three ATCC cultures 
were carried using the combination protocol (method 1) described in Chapter 3.3.   
The 18S rDNA (~1600 bases) of the 15 cultures were amplified using a single primer 
pair FA1 and RA3-2 and sequencing was performed with four more primers (Table 
4.3). The RA3-2 primer is a modified version of the RA3 which was trimmed to 
remove GC rich 3’ end. The original RA3 created multiple bands in PCR reactions.  
Table 4.3: The PCR primers used for the amplification and sequencing of the 
isolates (Mo et al., 2002) 
Primer Sequence (5’ – 3’) Location on T. aureum 
FA1 AAAGATTAAGCCATGCATGT 37–56 
RA1 AGCTTTTTAACTGCAACAAC 605–624 
FA2 GTCTGGTGCCAGCAGCCGCG 555–574 
RA2 CCCGTGTTGAGTCAAATTAAG 1171–1191 
FA3 CTTAAAGGAATTGACGGAAG 1125–1144 
RA3-2 
(modified) 
CAATCGGTAGGTGCGACG 1667–1684 
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PCR amplification of 18S rDNA 
The polymerase chain reaction (PCR) was carried out in a total volume of 20µL 
comprising 10µL of 2X GoTaq Green (Promega, USA) master mix, 1.25µL each of 
forward (FA1) primer (20µM) and reverse (RA3-2) primer (20µM), and ~100ng of 
DNA per reaction. The RA3-2 is a modified primer from the previously stated RA3 
primer which was trimmed at the 3’ end to remove 5mer fragment (GGCGG). The 
PCR was performed in a Mastercycler (Eppendorf, USA) with the following 
conditions: Initial denaturation at 95°C for 2min followed by 30 cycles and 
denaturation at 94°C for 1min, primer annealing at 55°C for 1min, extension at 72°C 
for 1min and final extension at 72°C for 10min.  Amplified fragments were resolved 
in 1% agarose gel in TBE buffer stained with Gel-Red (not shown).  
  
Sequence PCR of selected fragments 
These amplified fragments of the 18S rDNA of each isolate were then cleaned with 
the use of High Pure PCR Product Purification Kit (ROCHE, Australia) according to 
the manufacturer’s instructions. The extracted and clean PCR products were then 
stored at -20C for further use. A series of sequence PCR was performed for each 
18S rDNA fragment using the three forward and three reverse primers. The stepped 
elongation time sequence PCR protocol (STeP) was adopted from Platt et al. (2007) 
as follows: 0.5µL BigDye Terminator v3.1, 2µL 5X sequencing buffer, 20ng per 
reaction primer, 200ng per reaction template DNA with a total volume of 10µL. The 
sequence PCR was performed in a Mastercycler (Eppendorf, USA) with the 
following conditions: Initial denaturation at 96°C for 60s, 25 cycles with 10s 
denaturation at 96°C, 5s primer annealing at 50°C and extension at 60°C in three 
cycle slots. First 15 cycles with 75s extension, next 5 cycles with 90s extension and 
the last 5 cycles with 120s extension. Each sequence PCR reaction was then purified 
and the products were precipitated using ethanol, sodium acetate and 
Ethylenediaminetetraacetic acid (EDTA) procedure described below.  
Each reaction mix was precipitated by the addition of 2µL 125mM EDTA and 2µL 
sodium acetate (3M) followed by 50µL of 100% ethanol in a 1.5mL centrifuge tube. 
The mix was then vortexed and incubated at room temperature (~25°C) for 15min. 
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The mix was spun for 20min at 14000rpm and the liquid was removed. Another 
quick spin was performed to remove the remaining liquid. A 250µL aliquot of cold 
70% ethanol was added and mixed by vortexing. The mix was then spun down for 5 
min at 14000rpm and the liquid was removed. The remaining water and alcohol was 
evaporated with a heat block at 37°C for 10min or until the pellet was dry. Sequence 
samples were submitted to the Genome Sequencing Facility at Queensland 
University of Technology in Brisbane, Queensland for sequence data identification.  
The fifteen 18S rDNA fragments from the isolates were subjected to sequence PCR 
using all six primers. The results generated were assembled into a single contig using 
DNA Baser Sequence Assembler (DNA Baser Sequence Assembler 2011). These 
sequences were then trimmed to the region between the FA1 (5'-
AAAGATTAAGCCATGCATGT-3') and RA3-2 (5'-CAATCGGTAGGTGCGACG-
3') primer sites to remove any erroneous non template sequence overhangs generated 
during sequence read. All sequence files were exported to the BioEdit program (Hall, 
1999) for raw sequence data analysis of the .ab1 files and the subsequent arranging 
into a single FASTA file format. The upstream and the downstream regions of the 
18S rDNA sequences of the selected 15 cultures are shown in Figure 4.3, where the 
primer FA1 aligns to the first 20 bases of each fragment and primer RA3-2 aligns 
with the last 18 bases. 
Computational analysis of sequences 
The sequences were aligned using the ClustalX program (Thompson et al., 1997) and 
nearest neighbour joining method (Figure 4.3). This alignment was then used to draw 
the maximum likelihood (ML) phylogenetic tree (Figure 4.4) and minimum-
evolution (ME) tree (Figure 4.5) using MEGA5 software(Tamura et al., 2011). 
Simultaneously the sequence data were submitted through the BLASTn program in 
GenBank database (National Centre for Biotechnology Information, USA: NCBI) 
(Benson et al., 2007) to identify the isolates by comparison with previously 
deposited sequences (Table 4.4). 
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4.4.2 Results and Discussion (18S rDNA sequencing) 
A total of 1703 nucleotide sites were used to compare the fifteen operational 
taxonomic units (OTUs) inclusive of gaps and no ambiguous sites. According to the 
18S rDNA data, the fifteen isolates belong to two main monophyletic clades and 
each group is sub-divided in to further clusters. All three ATCC isolates 
Autrantiochytrium sp. (ATCC®PRA-276), Schizochytrium sp. (ATCC®20889) and 
Thraustochytrium aureum (ATCC®34304) are in one of the main groups. The group 
including EMRG517, 518, 510, 515, 523, 521, 519 and 546 forms a clade with 0.1 
and 0.078 bootstrap values for the ML and ME analysis. The clade which included 
EMRG522, 502, 544, and 545 formed a group together with the control cultures 
EMRG#527 (ATCC PRA-276) and 543 (ATCC 34304), with 0.001 and 0.014 
bootstrap values for ML and ME analysis respectively. EMRG539 (ATCC 20899) 
formed a third clade of its own, with 0.136 and 0.129 bootstrap values for the 
methods ML and ME.  Both the analysis methods were done according to the TN93 
model (Tamura & Nei, 1993) and a 0.9637 transition transversion ratio (ti/tv).  
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Figure 4.3: The upstream and the downstream regions of the 18S rDNA sequences 
of the selected 15 isolates 
Primer FA1 aligns to the first 20 bases of each fragment and primer RA3-2 aligns 
with the last 18 bases 
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Figure 4.4: Phylogenetic tree (nearest neighbour joining) of the 15 isolates based on 
the 18S-rDNA sequence multiple alignments  
The nearest neighbour joining tree was constructed using the best maximum 
likelihood (ML) with log-likelihood of -6848.34 on the TN93 model (ts/tv ratio = 
0.9637). The values under each branch show the bootstrap values calculated by 100 
and 1000 replicates for minimum evolution (ME) method.   
 
 78 
 
 
Figure 4.5: Phylogenetic tree (best minimum-evolution - ME) of the 15 isolates 
based on the 18S-rDNA sequence multiple alignments  
The best minimum-evolution (ME) tree was constructed from distances defined by 
the ML method with TN93 model and likelihood (ML) with log-likelihood of -
6848.34 on the TN93 model and 0.9637 of ti/tv ratio. The values under each branch 
show the bootstrap values calculated by 100 and 1000 replicates for ME method.   
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Table 4.4: Identification of test cultures using the partial (~1600bp) 18S rDNA 
sequences through GenBank Database (http://www.ncbi.nlm.nih.gov) 
 
EMRG # Identification 
502 Oblongichytrium  sp. BAFCcult 3519 18S ribosomal RNA 
gene, partial sequence 
544 Thraustochytrium aureum 18S ribosomal RNA (18S rRNA) 
545 Thraustochytrium aureum 18S ribosomal RNA (18S rRNA) 
510 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA)  
515 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA) 
517 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA) 
518 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA) 
519 Thraustochytriidae sp. strain M12-X1 18S ribosomal RNA 
gene, partial sequence  
521 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA) 
522 Thraustochytrium sp. ATCC 26185 18S ribosomal RNA 
gene, partial sequence 
523 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA) 
546 Thraustochytriidae sp. strain M12-X1 18S ribosomal RNA 
gene, partial sequence 
527 
(ATCC®PRA-276) 
Autrantiochytrium sp.  
539(ATCC®20889) Schizochytrium  sp.  
543(ATCC®34304) Thraustochytrium aureum  
 
These results are not entirely satisfactory, as isolates/cultures that were clearly 
different from each other on the basis of morphological features have all been 
classified by 18S rDNA analysis as being Thraustochytrium kinnei. It is thought that 
this is because the sequences found in the GenBank database were only partial for 
most of the represented Thraustochytrid strains. In addition, the various strains have 
conserved regions for most of their 1.8kb length, so the 18S rDNA may have been 
inadequate to be used alone for accurate identification of the organisms.  
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The incomplete or partial sequence data available in the GenBank database 
contributed to these difficulties, precluding its use as a standard for the identification 
of Thraustochytrids, as was initially intended in this study. This demonstrated the 
need for a supportive and specific molecular identification system, not based on 18S 
rDNA alone. 
4.5 Genotypic (Molecular) Taxonomy: RAPD-PCR analysis 
The RAPD PCR was done in two stages. In the first stage a set of 15 isolates 
including 3 ATCCs were used for the method development and in the second a set of 
4 cultures recognized as Thraustochytrium kinnei were tested. The comparison 
excludes the ATCCs. Hence the second stage uses 16 isolates/cultures.   
4.5.1 Materials and Methods 
The set of 15 cultures was grown as in previous section 4.3.1. Total Genomic DNA 
extraction was performed as previously described in Chapter 3, using the combined 
protinaseK and bead beating (PKB) method.  
RAPD-PCR analysis – The oligo-primers were obtained from Sigma-Aldrich Pty 
Ltd, NSW, Australia (Table 4.5). PCR was carried out in Bio-Rad (C1000) and 
Eppendorf (Mastercycler EP) thermocyclers as described by Oclarit and Hepowit 
(2007). This programme involves initial denaturation at 93°C for 1 min and 45 cycles 
of denaturation at 92°C for 1 min, primer annealing at 37°C for 1 min and extension 
at 72°C for 1 min with a final extension at 72°C for 6 min. Specific primers designed 
using the ATCC common arbitrary 10-mer oligo-primers were used to produce the 
RAPD-PCR profiles. All PCR were carried out using Promega GoTaq Green master 
mix (M7123). 
These primers were used to carry out RAPD-PCR for all of the fifteen 
Thraustochytrid cultures. For each primer the DNA amplicons were resolved in 1% 
agarose gels with SybrSafe dye (5L per 100mL of gel) in 1x TAE (Tris-acetate-
EDTA) buffer using Bio-Rad electrophoresis unit and visualised under UV-light in a 
Gel documentation system. 
 With each result a fingerprinting pattern was obtained. Those primers which resulted 
in variation of banding patterns and a number of bands for each isolate were selected 
and used for the construction of classification system.  
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Table 4.5: The sequence of 20 RAPD-PCR arbitrary primers selected for this study 
Primer Sequence 
OPC-01 5'-TTCGAGCCAG-3' 
OPC-02 5'-GTGAGGCGTC-3' 
OPC-03 5'-GGGGGTCTTT-3' 
OPC-04 5'-CCGCATCTAC-3' 
OPC-05 5'- GATGACCGCC -3' 
OPC-06 5'- GAACGGACTC -3' 
OPC-07 5'- GTCCCGACGA -3' 
OPC-08 5'- TGGACCGGTG -3' 
OPC-09 5'- CTCACCGTCC -3' 
OPC-10 5'- TGTCTGGGTG -3' 
OPC-11 5'- AAAGCTGCGG -3' 
OPC-12 5'-TGTCATCCCC -3' 
OPC-13 5'- AAGCCTCGTC -3' 
OPC-14 5'- TGCGTGCTTG-3' 
OPC-15 5'- GACGGATCAG -3' 
OPC-16 5'- CACACTCCAG -3' 
OPC-17 5'-TTCCCCCCAG -3' 
OPC-18 5'-TGAGTGGGTG -3' 
OPC-19 5'- GTTGCCAGCC -3' 
OPC-20 5'- ACTTCGCCAC -3' 
4.5.2  Results and Discussion (Genotypic Taxonomy - RAPD-PCR) 
The OPC primer set contains 20 short arbitrary primers and all of them were used 
successfully in generating amplicons of unique loci among the 16 Thraustochytrid 
isolates. However, only a few primers could amplify bands among all the isolates or 
majority of the isolates. Among the selected OPC primers, the OPC-05, -07 and -08 
gave the best RAPD profiles for the 16 cultures with both monomorphic and 
polymorphic bands (Figures 4.6, 4.7, and 4.8). Both OPC-05 and eight produced 
most of the polymorphic alleles and OPC-08 only produced few bands with more 
variation. The RAPD data was then used to generate a similarity matrix of the 
selected sixteen Thraustochytrid isolates using Jaccard coefficient.  
The results generated by the RAPD – PCR analysis were computed using Jaccard’s 
coefficient and, a nearest neighbour dendrogram was drawn discriminating the 
RAPD-PCR profiles into different clusters according to their genetic relatedness.  
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Figure 4.6: RAPD profiles of the selected CTC cultures for the primer OPC-05. 
M: Molecular weight marker X (Roche) (0.07kb to 12.2kb). Lanes 1-16 depict 
respectively  isolates 502, 503, 544, 545, 510, 515, 516, 517, 518, 519, 521, 522, 
523, 525, 546 and 528. Lanes 17-19 show results for control cultures 
EMRG527, 539, 543. Test cultures EMRG503, 516, 525, and 528 appear in 
lanes 2, 7, 14 and 16 respectively and will be discussed separately. 
 
Figure 4.7: RAPD profiles of the selected CTC cultures for the primer OPC-07. 
M: Molecular weight marker X (Roche) (0.07kb to 12.2kb). Lanes 1-16 depict 
respectively isolates 502, 503, 544, 545, 510, 515, 516, 517, 518, 519, 521, 522, 
523, 525, 546 and 528. Lanes 17-19 show results for control cultures 
EMRG527, 539, 543.  Test cultures EMRG503, 516, 525, and 528 appear in 
lanes 2, 7, 14 and 16 respectively, and will be discussed separately. 
 
Figure 4.8: RAPD profiles of the selected CTC cultures for the primer OPC-08. 
M: Molecular weight marker X (Roche) (0.07kb to 12.2kb). Lanes 1-16 depict 
respectively isolates 502, 503, 544, 545, 510, 515, 516, 517, 518, 519, 521, 522, 
523, 525, 546 and 528.  Lanes 17-19 show results for control cultures 
EMRG527, 539, 543.  Test cultures EMRG503, 516, 525, and 528 appear in 
lanes 2, 7, 14 and 16 respectively, and will be discussed separately. 
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Table 4.6: The Jaccard coefficients between each EMRG culture for the primers 
OPC-05, OPC-07 and OPC-08 were calculated and processed according to the 
requirements of the software used to draw the dendrogram.  Highlighted cultures are 
those which were identified by 18S rDNA as T.kinnei.  
 
# 502 510 515 517 518 519 521 522 523 544 545 546 527 539 543 
502 0.00
0 
0.00
3 
0.01
6 
0.00
0 
0.01
2 
0.00
3 
0.01
0 
0.02
1 
0.02
3 
0.01
7 
0.01
9 
0.02
1 
0.00
0 
0.00
0 
0.01
5 
510 0.00
3 
0.00
0 
0.00
4 
0.01
3 
0.00
6 
0.00
4 
0.01
3 
0.01
5 
0.01
7 
0.02
0 
0.02
2 
0.00
9 
0.00
7 
0.00
3 
0.00
0 
515 0.01
6 
0.00
4 
0.00
0 
0.01
5 
0.01
3 
0.00
6 
0.00
6 
0.01
3 
0.00
9 
0.01
9 
0.01
5 
0.00
7 
0.01
9 
0.01
5 
0.01
1 
517 0.00
0 
0.01
3 
0.01
5 
0.00
0 
0.00
0 
0.01
9 
0.01
9 
0.01
2 
0.00
0 
0.00
0 
0.00
0 
0.01
5 
0.00
9 
0.00
6 
0.00
3 
518 0.01
2 
0.00
6 
0.01
3 
0.00
0 
0.00
0 
0.01
7 
0.01
7 
0.01
3 
0.00
6 
0.00
9 
0.01
1 
0.00
2 
0.01
5 
0.01
1 
0.01
7 
519 0.00
3 
0.00
4 
0.00
6 
0.01
9 
0.01
7 
0.00
0 
0.00
0 
0.01
1 
0.01
3 
0.01
7 
0.01
9 
0.01
1 
0.01
3 
0.00
9 
0.00
5 
521 0.01
0 
0.01
3 
0.00
6 
0.01
9 
0.01
7 
0.00
0 
0.00
0 
0.00
2 
0.01
3 
0.00
8 
0.01
9 
0.01
1 
0.01
3 
0.01
8 
0.01
5 
522 0.02
1 
0.01
5 
0.01
3 
0.01
2 
0.01
3 
0.01
1 
0.00
2 
0.00
0 
0.01
5 
0.00
0 
0.02
1 
0.01
3 
0.02
4 
0.02
6 
0.01
7 
523 0.02
3 
0.01
7 
0.00
9 
0.00
0 
0.00
6 
0.01
3 
0.01
3 
0.01
5 
0.00
0 
0.00
0 
0.00
0 
0.00
9 
0.02
6 
0.02
2 
0.00
9 
544 0.01
7 
0.02
0 
0.01
9 
0.00
0 
0.00
9 
0.01
7 
0.00
8 
0.00
0 
0.00
0 
0.00
0 
0.00
0 
0.01
9 
0.02
0 
0.03
1 
0.02
2 
545 0.01
9 
0.02
2 
0.01
5 
0.00
0 
0.01
1 
0.01
9 
0.01
9 
0.02
1 
0.00
0 
0.00
0 
0.00
0 
0.01
5 
0.00
0 
0.00
6 
0.00
3 
546 0.02
1 
0.00
9 
0.00
7 
0.01
5 
0.00
2 
0.01
1 
0.01
1 
0.01
3 
0.00
9 
0.01
9 
0.01
5 
0.00
0 
0.01
3 
0.00
9 
0.01
1 
527 0.00
0 
0.00
7 
0.01
9 
0.00
9 
0.01
5 
0.01
3 
0.01
3 
0.02
4 
0.02
6 
0.02
0 
0.00
0 
0.01
3 
0.00
0 
0.00
0 
0.00
0 
539 0.00
0 
0.00
3 
0.01
5 
0.00
6 
0.01
1 
0.00
9 
0.01
8 
0.02
6 
0.02
2 
0.03
1 
0.00
6 
0.00
9 
0.00
0 
0.00
0 
0.00
0 
543 0.01
5 
0.00
0 
0.01
1 
0.00
3 
0.01
7 
0.00
5 
0.01
5 
0.01
7 
0.00
9 
0.02
2 
0.00
3 
0.01
1 
0.00
0 
0.00
0 
0.00
0 
 
According to the observation of DNA amplicons in agarose gels, an n X t (n: DNA 
concentration in terms of weight and t: operational taxonomic unit - OTU) data 
matrix was plotted. The data was used to calculate the similarity matrix of Jaccard 
coefficient (Sj) using the calculation; Sj = n11/n11 +n01+n10 (n11, n01 and n10 
corresponds to the number of polymorphic bands, monomorphic to the second 
culture and monomorphic to the first culture respectively). The nearest-neighbour 
dendrogram was constructed using the calculated data. The data summarised in Table 
4.6 are from repeated RAPD-PCR on the selected isolates throughout this study with 
identical results. 
From the data generated, a heat map and a phylogenetic tree were constructed using 
the analysis tool Jaccard and Sorensen index in Ribosomal Database Project 10 (Cole 
et al., 2009). The Jaccard coefficient table was exported to the tool and abundance 
statistics analysed. The resultant data was then used to produce a phylogenetic tree 
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(Figure 4.9) based on Unweighted Pair Group Method with Arithmetic Mean 
(UPGMA).  
The cluster tree shown in Figure 4.9 demonstrates that the selected 15 
Thraustochytrid strains were broadly divided into two main groups at a similarity 
coefficient of 0.014. It was also evident that the larger group subdivided in to two 
groups at the similarity coefficient 0.011. Therefore, the fifteen isolates were 
differentiated into three main clusters (clades). 
 
Figure 4.9: Dendrogram representing three-monophyletic clades of the 12  
Thraustochytrid isolates and three control cultures, using RAPD profiles  
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Study of Figure 4.9 immediately highlights a potential problem, in that the three 
control cultures (527, 539, and 543), purchased from the ATCC as three different 
genera, fall into the same clade by RAPD-PCR. This can be interpreted in at least 
two different ways. Firstly, it is possible that the genera in this group are in fact, 
quite closely related, or secondly that the RAPD analysis has detected some 
similarities and differences not obvious in previous characterisation. Also, the fact 
that only two putative Thraustrochytrium isolates (EMR502, 510) are shown as 
being sufficiently closely related to the control culture of that genus to be in the same 
clade, is interesting to note.  
Isolate 544 was found to be identical to the control culture Thraustochytrium 
aureum, and so is considered to be identified as that genus.  
Four additional cultures were tested using both 18S rDNA and RAPD-PCR methods, 
in order to determine the robustness of the two approaches. All four cultures (503, 
516, 525 and 528) were tested using 18S rDNA and RAPD-PCR analysis, as in the 
Materials and Methods sections of 4.4 and 4.5. Unfortunately, it was not possible to 
test the same group by morphological features, as the cultures became contaminated 
and/or lost viability after the genotypic testing.  The results of the 18S rDNA analysis 
are shown in Table 4.7.  
Table 4.7 18S rDNA analysis of four test cultures (503, 516, 525 and 528).  
EMRG Identification 
503 Ulkenia visurgensis gene for 18S rRNA 
516 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA) 
525 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA) 
528 Thraustochytrium kinnei 18S ribosomal RNA (18S rRNA) 
 
The 16 cultures that include 12 previous and the four new strains were shown in the 
analysis results using RAPD and 18S rDNA methods. The heatmap (Figure 4.10) 
shows the abundance of the specific alleles within the group and their pattern of 
clustering according to their genetic relatedness. Individual values within matrix are 
represented in shades of blue. Larger values are shown with darker blue and smaller 
values with lighter blue. The level of expression of many genes and their relatedness 
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can be therefore attributed to the intensity of the colour.  Therefore, dark blue cluster 
closely related alleles and lighter blue cluster distantly related alleles. 
 
 
 
 
 
 
 
 
517 
518 
544 
545 
519 
522 
528 
525 
521 
523 
515 
546 
503 
516 
502 
510 
Figure 4.10: Heat map showing the distribution of alleles among the selected 
Thraustochytrids 
Figure 4.11 demonstrates the relationship between these four unknowns and the other 
twelve isolates following RAPD-PCR, in the form of a phylogenetic tree. The 
RAPD-PCR fingerprints for these four cultures are included in Figures 4.6, 4.7 and 
4.8 as lanes two (503), seven (516), fourteen (525) and sixteen (528). 
Unknown isolate 516 was identified by 18S analysis as T.kinnei, and additionally 
was found by RAPD-PCR to be so closely related to #510 as to be probably 
identical. Unfortunately,  isolate 502, also identified by RAPD as being identical to 
isolates 510 and 515, is identified by 18S rDNA as Oblongichytrium sp., obviously a 
different genus altogether to Thraustochytrium kinnei.  According to the key 
developed by Yokoyama et.al. (2007) (Figure 2.5), the genus Oblongichytrium 
features oblong zoospores and produces canthacxanthin and ß-carotene. 
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 Isolate 503 was placed by RAPD-PCR into the same broad clade as these three 
isolates (510, 502 and 516), although less closely related, however by 18S rDNA 
analysis, this isolate was another different species, Ulkenia visurgensis - not at all 
closely related, in fact. Thus, in a single clade by RAPD-PCR, we find four isolates, 
two of which were identified by 18S rDNA as being Thraustochytrium kinnei, one as 
Oblongichytrium sp., and another as Ulkenia visurgensis.  
Two further unknown isolates, 525 and 528, were found to be T.kinnei by 18S rDNA 
analysis and to be in the same clade by RAPD-PCR as two other putative T.kinnei, 
521 and 523. The taxonomy of T.kinnei is discussed further in the next section, as 
this study has revealed a very interesting classification issue.  
 
Figure 4.11: Dendrogram representing three-monophyletic clades of Thraustochytrid 
isolates using RAPD profiles: Note positions of Test cultures 503, 516, 525 and 528 
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The 18S rDNA analysis identified six of the selected isolates (510, 515, 517, 518, 
521 and 523) as Thraustochytrium kinnei. The group of six isolates were clustered 
into a single clade by the phylogenetic tree from 18S rDNA sequence analysis 
(Figure 4.4), however there were many morphological differences between the six 
selected isolates, ranging from vegetative cell sizes to zoospores (refer to figures 
4.1c-b, 4.2a, 4.2b and table 4.2). Isolates 510, 518, 521 and 523 had medium size 
zoospores and vegetative cells, while 515 and 517 had smaller vegetative cells and 
very small zoospores. If all these isolates were of the same species, such striking 
difference to their morphology would be remarkable, leading us to consider the 
possibility that they were not, in fact, of the same species at all. Thus we concluded 
that the phenotypic taxonomy was not consistent with the 18S genotypic 
characterisation.  
One reason for uncertainty regarding the 18S rDNA analysis was that GenBank data 
for these organisms was frequently partial, at times even scanty. Thus, while the six 
isolates may have been similar, differences that were not available for comparison 
with incomplete GenBank sequences could well be significant, and account for the 
varied morphologies of the putative T.kinnei group. It appeared that the GenBank 
analysis was using T.kinnei as a default identification.   
In an effort to clarify this limitation, RAPD-PCR analysis was applied to the same set 
of cultures. The phylogenetic tree drawn with the Jaccard similarity values showed 
that the six isolates identified as T.kinnei by 18S r-DNA analysis, were divided 
amongst the three main clades. Morphological differences between the isolates 
within a single clade also showed that there was a greater variation by this method 
than by 18S rDNA.  
At first glance, this may have appeared to be an improvement to the classification, in 
that the putative T.kinnei group had at least been split up, however unfortunately the 
clade clustering by RAPD-PCR was also not consistent with the morphological data. 
The four isolates with medium size zoospores (510, 518, 521 and 523) were 
separated into three different clusters, with 521 and 523 being found to be identical 
by RAPD-PCR analysis. Isolate 510 was paired with 502, identified by 18S rDNA 
analysis as being Oblongichytrium sp. Isolate 518 was paired with 517, despite their 
having different morphological features. The final of the six potential T.kinnei was 
isolate 515 which was grouped by RAPD-PCR with 546. This isolate had been 
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identified by 18S rDNA analysis as belonging to the Thraustochytridiae family, but 
not as T.kinnei.  
Thus, the best that could be said for the T.kinnei issue from this study, would be that, 
of the six possible members of that genus, it is most likely that isolate 510 may not 
belong to this genus, being more likely to be Oblongichytrium sp. Isolate 515 is 
likely a member of the Thraustochytridiae family, but not necessarily T.kinnei. 
Isolates 517 and 518, despite their differing morphological features, cluster with a 
potential T. aureum, but not with the ATCC culture of that genus/species. The 
remaining isolates 521 and 523 were most closely related by RAPD-PCR to a pair of 
cultures (519 and 522) that were also identified only as Thraustochytrium sp. by 18S 
rDNA.  
The default identification of T.kinnei by 18S rDNA analysis would appear to be 
invalid according to the RAPD-PCR results, but further identification to species level 
of those isolates so labelled was not possible. Further full-sequence data of more 
members of this genus will no doubt permit better taxonomic analysis. 
The results of the tentative classification of the 12 isolates using each of the three 
methods described, is shown in Table 4.8.  
 4.6 Conclusions 
Since there is no previously published record of the cellular characters and 
morphology of the Australian isolates, marine and low salinity ecosystems, this data 
is novel and is likely to be of great importance for bio-prospecting of these 
organisms in Australia. Improved taxonomy permits improved ability to predict the 
best PUFA producing isolates when compared with known super-producers. 
There was considerable variation between the observed microscopic properties of the 
selected organisms and the 18S rDNA data. Attempts to use the 18S rDNA 
sequences in order to classify the Thraustochytrids were of limited success. The 
reason for this, as demonstrated by this study’s findings, was that sequence data and 
subsequent alignment analysis using bioinformatics software, BioEdit, have shown 
over 90% of the regions within the ~1600bp fragment amplified through the FA1 and 
RA3-2 primers are conserved. In addition, many of the sequence data entries in 
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GenBank for these organisms are partial. Thus separation of organisms into clades on 
this basis may be useful, but identification by reference to the database is not.  
Further analysis using RAPD-PCR also proved to be of limited reliability, and was 
also not consistent with the morphological taxonomy, or the 18S rDNA analysis. An 
attempt to use RAPD-PCR to further separate a cluster of isolates grouped together 
by 18S rDNA analysis, was partially successful, in that the cluster was indeed 
separated, but the result was still not necessarily reliable, and was inconsistent with 
the morphological data.  
It is recommended that other molecular biological analysis methods be investigated, 
in order to increase the sensitivity of differentiation between the members of this 
class and its genera. These may include the further use of RAPD-PCR or RFLP 
analysis which targets the entire genome of the organisms rather a small section (18S 
rDNA) which is largely conserved within the phylum.  
The DNA profiles generated using known sets of primers can be used to establish a 
highly discriminatory taxonomic system. This system will not only distinguish 
between the known genera, but also identify new taxonomic groups for use by 
industrial and scientific research and bio-prospecting. 
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Table 4.8: Summary of closest relationship/identification as found using three methods: morphology; 18S rRNA and RAPD-PCR  
EMRG # Morphological Features Key 18S ribosomal RNA (18S rRNA) Closest relationship by RAPD-PCR 
502 Thraustochytrium proliferum Oblongichytrium  sp. Oblongichytrium sp. 
510 T. antracticum/motivum/kinnei Thraustochytrium kinnei Oblongichytrium sp. 
515 Thraustochytrium benthicola Thraustochytrium kinnei Thraustochytridiae family 
517 Thraustochytrium proliferum Thraustochytrium kinnei Thraustochytrium aureum 
518 T. antracticum/motivum/kinnei Thraustochytrium kinnei Thraustochytrium aureum 
519 T. antracticum/motivum/kinnei Thraustochytriidae sp. Thraustochytrium sp 
521 T. antracticum/motivum/kinnei Thraustochytrium kinnei Thraustochytrium sp 
522 T. antracticum/motivum/kinnei Thraustochytrium sp. Thraustochytrium sp 
523 T. antracticum/motivum/kinnei Thraustochytrium kinnei Thraustochytrium sp 
544 T. antracticum/motivum/kinnei Thraustochytrium aureum Thraustochytrium aureum 
545 Thraustochytrium proliferum Thraustochytrium aureum Thraustochytrium aureum 
546 T. antracticum/motivum/kinnei Thraustochytriidae sp. Thraustochytriidae sp 
527 Autrantiochytrium sp. Autrantiochytrium sp. Autrantiochytrium sp. 
539 Schizochytrium  sp. Schizochytrium  sp. Schizochytrium  sp. 
543 Thraustochytrium aureum Thraustochytrium aureum Thraustochytrium aureum 
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 Chapter 5: Factors influencing the ability of 
Thraustochytrids to produce fatty acids  
5.1 Summary 
The polyunsaturated fatty acids (PUFA) have become of great interest due to their 
health benefits. The current major source of these is fish oil, with high production 
costs, as processing involves expensive purification methods. The sustainability of 
continued use of fish for this purpose is also a concern, with fish stocks under threat 
due to over-use. The original marine organisms responsible for the PUFA in fish 
have thus become an industrial interest. However, the environmental influences on 
the PUFA producing genes in these organisms are still unknown.  Therefore this 
study is an initial attempt to understand conditions affecting the regulation of PUFA 
gene expression. PUFA production pathways involve many genes and the Δ5-
desaturase enzyme producing gene was selected as the candidate for the analysis. 
These organisms have 25°C, pH-7 with oxygen/aeration as its optimum growth 
conditions. However, it was found that the Δ5-desaturase gene is highly expressed at 
lowered temperatures and pH levels. Decreased available oxygen adversely affected 
the gene expression as expected. This study paves the way for optimization of PUFA 
production, by providing a better understanding of ideal conditions and so the 
industrial advancement of the organisms for commercial PUFA production.  
5.2 Introduction 
Since the discovery of the high level of polyunsaturated fatty acid (PUFA) 
production by the members of the class Labyrinthula, a sudden boom of scientific 
studies occurred around the world focusing on these organisms (Raghukumar, 1986; 
Raghukumar, 1992, 2002, 2008). Even though some industrial research has been 
carried on these organisms, as can be found from the available literature, genetic 
studies into the activity of PUFA-producing genes has not been reported. PUFA 
production is carried out either by the aerobic fatty acid synthase (FAS) pathway or 
the anaerobic polyketide synthase (PKS) pathway in the members of the 
Thraustochytrium of Labyrinthula (Bergé & Barnathan, 2005). It has long been 
understood that environmental conditions play a pivotal role in the up- or down-
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regulation of genes (Dombrowski & Martin, 2009; Pugh et al., 2002). Therefore, the 
focus of this study was to understand the effects of environmental conditions on gene 
expression in Thraustochytrids with respect to their PUFA production pathways in 
particular. 
The gene to be used as a candidate for the regulation study was chosen from the FAS 
pathway of the Thraustochytrids. This pathway involves a number of elongases and 
desaturases in the production of EPA (eicosapentenoic acid) and DHA from acetyl-
CoA. The end product is DHA, with EPA being produced as an intermediate. This 
process involves the conversion of 8, 11, 14, 17-20:5, a carbon 20 intermediate for 
eicosapentenoic acid (5, 8, 11, 14, 17-20:5) catalyzed by -5-desaturase enzyme. The 
EPA is finally converted to DHA through the metabolic activity of -5-elongase and 
-4-desaturase enzymes (Bergé & Barnathan, 2005).  
Real-time polymerase chain reaction (RT-PCR) was used as a method of monitoring 
the gene expression, in order to measure gene copies produced. The real-time PCR 
method offers many advantages over conventional PCR as it is more precise, and 
allows the detection of very small amounts of target gene numbers. The most 
important feature is the observation of the gene expression in real time or as it 
happens rather looking at the end point (Houghton & Cockerill, 2006; Valasek & 
Repa, 2005).  
This method has been extensively used for genotyping and rapid detection of 
organisms and genes (Price et al., 2007; Tindall et al., 2009; Vossen et al., 2009; 
Wittwer et al., 2003), detection of genetic variance in cancer cells (Bernard & 
Wittwer, 2002) and for a candidate gene approach for gene expression studies 
(Ishimaru et al., 2004; Pflieger et al., 2001; Sekimoto et al., 2006; Zhu & Zhao, 
2007). In this study, real-time PCR was performed using a TaqMan probe system. 
The selection of TaqMan probes rather than other methods such as SYBR green was 
because of its high specificity and low requirements for optimisation (Houghton & 
Cockerill, 2006).   
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It has been previously proven that pH levels in growth media and incubation 
temperatures had a strong effects on the expression of certain genes, and the changes 
can be detected by RT-PCR (Saleh-Lakha et al., 2009). It was also shown the 
presence or absence of oxygen is also involved in the up- or down-regulation of 
genes (Pugh et al., 2002). It was important to ensure that Thraustochytrids did not 
cease to produce PUFA under anaerobic conditions, but rather took a polyketide 
synthase pathway (PKS) for production of its end products, EPA and DHA. 
However, this pathway does not involve the desaturases or elongases used in the 
fatty acid synthase (FAS) pathway. Therefore, it could be assumed that the absence 
of oxygen may have an adverse effect on the -5 desaturase gene expression.  
5.3 Materials and Methods 
Sample selection and growth 
EMRG543 (Thraustochytrium aureum ATCC34304), was used as the representative 
organism for the regulation of gene expression due to variable environmental factors. 
The environmental conditions selected for the purpose of this study on the basis of 
previously identified and known critical variables, were incubation temperature, pH 
and Oxygen availability (Table 5.1) The baseline or control culture was that which 
was incubated aerobically at 25°C and pH 7. This standard condition was decided 
following the ATCC information for the 34304 culture and demonstrated by Bajpai 
et al. (1991). All variables were compared to this one. Only one factor was varied at 
a time, initially as shown in Table 5.1a, and then subsequently several combinations 
were tested (Table 5.1b) for their effect on gene expression. As is shown in Table 
5.1b, each pH was tested at each temperature, all being shaken for oxygenation. 
Finally, each pH was tested under low oxygenic conditions with the incubation 
temperature maintained at 25°C.  
Selection of genes and conditions  
The RNA extracted from the aerobic pH7 culture at 25C was used for the 
standardisation of the expression efficiencies of -5-desaturase (target gene) and the 
18S rDNA (housekeeping gene). 
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Table 5.1a: The environmental/incubation conditions used individually for the 
growth of the selected culture  
 
Fixed conditions 
Variable 
1 
Variable 
2 
Variable 
3 
Variable 
4 
Variable 
5 
Temp 
25°C/Oxygen 
 
pH5 pH6 pH7 pH8 pH9 
pH7/Oxygen 
 
15°C 20°C 25°C 30°C 35°C 
Temp 25°C/pH7 Oxygen Restricted Oxygen    
 
Table 5.1b: The environmental/incubation conditions used in combination for the 
growth of the selected culture (all cultures shaken for oxygenation, except as 
indicated) 
Temp 
 
pH 
15°C 
 
 
20°C 25°C 25°C 
Low 
Oxygen 
30°C 35°C 
5       
6       
7       
8       
9       
Note: Highlighted cell indicates “standard or calibrator” conditions of pH7, 25°C and 
Oxygen 
Real-time PCR for the analysis of the regulation of genes was performed using 
TaqMan primer/probe method. Then target gene regions and the primers for PCR 
were selected using the GenScript (USA) online tool. Primers were designed with a 
melting temperature around 58°C and the two probes were designed around 68°C 
(Table 5.2). The real-time PCR was performed in a QIAGEN Rotor-Gene 6000 and 
QIAGEN QuantiFast Multiplex RT-PCR kit (Cat.No. 204952). 
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Table 5.2: Primers and probes designed for the amplification of target sites in -5 
desaturase and 18S rDNA genes. 
 
Thraustochytrium aureum was initially grown as described in Chapter 3 (Materials 
and Methods section).   
Media preparation and sample growth 
TCM liquid medium was made with modifications for the changes in environmental 
conditions. A set of 25 flasks was made with 100mL of TCM each, with pH ranging 
from five to nine (five flasks each per single pH) as shown in table 5.1b. For each pH 
level, five flasks were set at incubation temperatures ranging in 5°C increments from 
15°C to 35°C. Another 5 flasks with pH ranging from 5 - 9 were made with further 
boiled media to remove dissolved oxygen and kept under restricted oxygen 
conditions at 25°C. The flask at pH 7, under aerobic conditions and at 25°C was 
selected as the optimum combination of conditions following ATCC guidelines. A 
100µL sample from the starter culture was inoculated into 100mL volumes of each 
variation of the TCM broth in 250mL screw top flask and incubated under their 
respective condition variables as in Table 5.1b.  
All flasks were incubated in a shaker incubator at 160rpm for 72 hours. After 
incubation each of the cultures was centrifuged at 4000rpm for 5mins in sterile 50mL 
centrifuge tubes and the supernatant was discarded. The remaining wet biomass was 
used for total RNA extraction.   
 
 
Name Sequence 5'-3' 
Start 
Position 
Primer 
Tm 
O
C Modification 
Desaturase         
EU643618_L1 GTACGACGCGACGAACTTTA 96 58.99   
EU643618_R1 GCAGCGACTTGAGGTACTTG 219 58.68   
EU643618_P1 
(Probe) TTCATCAGCGGTCCGGCAAG 194 68.9 
5'6-FAM - 
3'Tamra 
18S rDNA         
AY773276_L1 CCCAGAACATCTAAGGGCAT 329 59.01   
AY773276_R1 CCTCGGCCTACTAAATAGCG 436 59.01   
AY773276_P1 
(Probe) CCCAGGTATGTCGCCATACCCG 413 69.43 
5' HEX - 
3'Tamra 
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RNA extraction 
The RNA from each trial was extracted using QIAGEN RNeasy Plant Mini Kit 
(Cat.No. 74903) following its mini-prep protocol with modifications. All cultures 
which had been grown for 3 days or to greater than an A550 value of 1.5 were 
selected for the RNA extraction. Samples of 100mg of biomass were transferred into 
individual 2mL screw-cap centrifuge tubes. These were washed by re-suspending in 
nuclease free water and centrifuging at 8000rpm for 30 sec. The supernatant was 
removed by pipetting and the washed biomass was then re-suspended in 450µL of 
lysis buffer RLT (QIAGEN). The buffer RLT was mixed with 10µL of β-
mercaptoethanol per 1mL of buffer prior to its use. The biomass was disrupted using 
TissueLyser II (QIAGEN) and 5mm stainless steel bead, at 30Hz for 1min. The RNA 
samples were then eluted following the standard protocol and the eluted RNAs were 
stored at -20°C for further use. 
All RNA extracts were tested for concentration and purity using a spectrophotometer 
(Beckman Coulter-DV 730, USA). A 1:100 dilution of the extracted RNA was 
analyzed with sterile, nuclease-free distilled water standard, against A260 and A280 
absorbance levels. A set of RNA dilutions containing 50ng per µL was made from 
the original stock, for use as a working RNA stock. 
Real-time PCR 
The real -time polymerase chain reaction (RT-PCR) was done with a total volume of 
20µL containing 10µL of 2X QuantiFast Multiplex RT-PCR master mix, 1µL primer 
probe mix 1 (for -5 desaturase), 1µL primer probe mix 2 (for 18S rDNA), 0.2µL 
QuantiFast RT mix, template RNA mix containing 100ng per reaction and nuclease 
free water. Both primer probe mix 1 and 2 contains 0.5M forwards and reverse 
primers with 0.2M probe as final concentrations. The PCR was performed in a 
QIAGEN Rotor-Gene 6000 with the following conditions: Reverse transcription at 
50OC for 20 min., Initial heat inactivation at 95OC for 5 min, 2-step cycling with 
denaturation at 95OC for 15 sec, and annealing/extension at 60 OC for 30 sec. The 
total number of cycles was kept at 40 for the 2-step cycling. The data were analysed 
using the Rotor-Gene software (Pfaffl et al., 2002) using the ΔΔCT method (Chini et 
al., 2007; Livak & Schmittgen, 2001; Pfaffl, 2001). All reactions were done in 
duplicate. 
 98 
 
The two probes selected for the detection of the selected gene expressions were 
double-labeled with a fluorophore and a quencher in their 5' and 3' ends respectively. 
Two fluorophores (6-Fam and Hex) and a single quencher dye (Tamra) were selected 
(Table 5.2). 
5.4 Results and Discussion 
As mentioned earlier an assumption needs to be made on the expression efficiencies 
of the two genes in question. The ΔΔCT method can be taken as valid only when the 
expression efficiencies of both target gene and housekeeping gene are nearly equal 
(Livak & Schmittgen, 2001). Therefore a standardisation test was done as described 
by Livak and Schmittgen (2001). For this analysis RNA extracted from the calibrator 
condition/standard (pH7, 25 OC and aerobic) was selected. Using the concentrated 
RNA extract a dilution series was made from 0.1ng to 100ng per reaction (0.1, 0.25, 
0.5, 1, 25, 50 and 100). The reaction mixes were made in duplicate and real-time 
PCR was done using multiplex PCR kit and Taqman primer/probe mixes. Using the 
real-time PCR results of the target gene (Figure 5.1) and the housekeeping/reference 
gene (Figure 5.2) the expression efficiencies of the two were calculated. RT-PCR 
experiments were repeated twice with different extractions of DNA under the same 
conditions  
 
Figure 5.1: Quantitation of -5 desaturase gene expression at 0.025 threshold level. 
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  Figure 5.2: Quantitation of 18S rDNA gene expression at 0.025 threshold level. 
 
Using the CT values of both target and reference, their ΔCT values were calculated as 
shown in Table 5.3. Data obtained in duplicate per reaction were averaged, and the 
ΔCT value of the two genes was calculated by subtracting CT values of the 
reference/housekeeping gene from the target (Δ-5 desaturase) gene. 
 
Table 5.3: ΔCT calculation for the validation experiment of the target and reference 
genes 
Input of 
total RNA 
(ng) 
Log Input 
(X axis) 
-5 
desaturase 
Average 
CT 
18S r-DNA 
Average 
CT 
Δ CT 
Δ-5 desaturase-
18S r-DNA 
0.1 -1.0 29.15±0.14 23.40±0.14 5.75 
0.25 -0.6 27.88±0.44 22.05±0.33 5.83 
0.5 -0.3 27.47±0.07 21.63±0.20 5.84 
1 0.0 26.65±0.07 20.36±0.11 6.29 
25 1.4 22.57±0.01 16.34±0.55 6.23 
50 1.7 21.87±0.05 15.61±0.21 6.26 
100 2.0 21.63±0.06 15.40±0.29 6.23 
 
Using the log values of the total RNA in each dilution against the ΔCT values a graph 
was drawn to assess the expression efficiencies of the two genes (Figure 5.3). 
According to the graph the slope (m) of the predicted line is 0.0961. Since it is <0.1, 
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the efficiencies of both target and the reference genes can be assumed to be nearly 
equal. Thus, the ΔΔCT method can be used to analyse the two genes. 
 
Figure 5.3: Validation graph of the 2-ΔΔCT method using ΔCT values of Δ-5 
desaturase and 18S rDNA genes. 
 
Once the validity of using ΔΔCT method was confirmed, the total RNA extracted 
from each growth condition was used to calculate the 2-ΔΔCT for the two genes. The 
CT values of all the tested samples were obtained by comparative real-time PCR 
analysis (Table 5.3). The ΔΔCT values for the samples were calculated as follows:The 
ΔCT value for each sample was calculated as the difference between the CT value of 
the desaturase gene (DS) and the reference/housekeeping gene (18S). Then the ΔΔCT 
value for each sample was calculated as the difference between the ΔCT value of 
each tested gene and the calibrator ΔCT value. The amount of target gene product 
was then calculated as 2- ΔΔCT.  
The temperature scale tests at 30C and 35°C did not yield growth at any of the pH 
levels therefore no RNA was extracted. The ΔCT values of both target and the 
reference genes and the 2-ΔΔCT values are given in table 5.4.  
 
 
 
 
y = 0.0961x + 5.6771 
R² = 0.7424 
5 
5.5 
6 
6.5 
7 
-1.0 -0.6 -0.3 0.0 1.4 1.7 2.0 
D
el
ta
 C
T
 
Log Input 
Y 
Linear 
(Predicted Y) 
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Table 5.4: Fold difference in the expression of -5 desaturase gene under various 
conditions, calculated by 2-CT method 
 
pH Temp. 
C 
O2 DS CT 18S CT  C DS 
C  - S
C 
C C 
 C 
Calibrator 
Normalized 
DS relative 
to calibrator 
2
-CT
 
5 15 + 19.97 13.87 6.10 -2.59 6.02 
5 20 + 21.49 14.77 6.72 -1.97 3.92 
5 25 + 23.26 16.42 6.84 -1.85 3.61 
6 15 + 21.05 14.48 6.57 -2.12 4.35 
6 20 + 22.89 16.48 6.41 -2.28 4.86 
6 25 + 22.91 15.16 7.75 -0.94 1.92 
7 15 + 19.25 14.54 4.71 -3.98 15.78 
7 20 + 21.48 16.54 4.94 -3.75 13.45 
7 25 + 23.06 14.37 8.69 0.00 1.00 
8 15 + 18.57 15.09 3.48 -5.21 37.01 
8 20 + 21.02 16.49 4.53 -4.16 17.88 
8 25 + 21.87 13.75 8.12 -0.57 1.48 
9 15 + 22.60 14.47 8.13 -0.56 1.47 
9 20 + 21.70 15.26 6.44 -2.25 4.76 
9 25 + 21.90 15.34 6.56 -2.13 4.38 
5 25 low 22.57 15.01 7.56 -1.13 2.19 
6 25 low 22.43 15.10 7.33 -1.36 2.57 
7 25 low 21.97 14.16 7.81 -0.88 1.84 
8 25 low 23.55 16.27 7.28 -1.41 2.66 
9 25 low 22.33 16.36 5.97 -2.72 6.59 
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Figure 5.4: The 2-CT values for selected pH levels and three incubation 
temperatures 
 
According to the calculated results it was evident that the fold-change in gene 
expression was highest at pH8 (Figure 5.4), at the two lower temperatures. The pH 8 
test at 15°C had a 37.01 fold increase over the standard, and was the highest fold 
value measured, followed by that at pH7. There was a significant decrease in the 
target product outside of the pH range of 7-8.  
Similarly, the optimum temperature range for target gene expression was found to be 
from 15°C-20°C. Outside of that range, there was little gene expression (25°C) or no 
growth (30°C, 35°C).  
Thus, the overall result showed that the -5 desaturase gene was best expressed at 
15C and pH8.  
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Figure 5.5: The 2-CT values of cultures in oxygenic and low oxygenic conditions 
for all the pH values. 
 
It was evident that the absence of oxygen adversely affected the expression of the 
gene, although the culture media was not 100% oxygen-free due to the presence of 
some residual dissolved oxygen and oxygen in the head-space. Therefore the 
comparison was actually between oxygenic and low oxygenic states of the organism 
(Figure 5.5).  The low oxygen flasks were shaken at 160rpm just as were the aerobic 
flasks, in order to prevent excessive clumping by the organisms, which is detrimental 
to the measurement of OD. Obviously, from the results obtained, the organisms were 
able to grow in such low oxygen conditions, although the desaturase enzyme was not 
produced, as was the expected result. Although a low oxygen levels were maintained 
in all the flasks used the about of dissolved oxygen was not regulated or kept at a 
standard. Therefore, the variation in the results between different pH levels and low 
and aerobic conditions was expected. Further, these measurements were based on an 
incubation temperature of 25°C, which was shown in Figure 5.4 to be the least 
optimum temperature for gene expression. Thus the low values exhibited for gene 
expression here reflect both the effects of temperature and limited oxygen.  
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From the results shown in Table 5.4, it was concluded that the Δ5-desaturase enzyme 
in Thraustochytrids was up-regulated at moderately high pH (8) levels and low 
temperatures (15C). It was also evident that anaerobic conditions did not change the 
organism’s desaturase production and was found to be at a very low level. While 
these are not the ideal growth conditions for the organism, the desaturase enzyme 
appears to prefer a different set of conditions to that provided for increase of biomass 
(cell growth). Thus, the results of this study indicated that a two-phase system should 
be used industrially in order to maximize expression of the PUFA production genes. 
Such a system would include an initial phase at the usual optimal growth conditions 
to maximize biomass, followed by a second phase at the higher pH and lower 
temperature indicated by our findings, to up-regulate the PUFA genes. This is similar 
to the industrial production of beer, for example, where the aerobically grown yeast 
is pitched into the substrate, where it ferments at a different set of conditions entirely.  
This information is very valuable for the future industrial exploitation of these 
organisms for poly-unsaturated fatty acid production. Further research into the 
expression of all the genes involved and other environmental conditions, such as 
nitrogen, salt concentration and other mineral supplements should also be carried out 
to understand these organisms’ oil production capability and possible genetic 
modification as an industrial oil producer.  
The environmental stress-mediated gene expression in relation to PUFA production 
in Thraustochytrids and the related genera can only be found in handful of published 
works. Taoka et al. (2009) have shown the effect of temperature on the biomass and 
DHA synthesis using Aurantiochytrium sp. strain mh0186. However, the method of 
analysis was measuring the weight of dry biomass and DHA end product analysis by 
HPLC and not direct gene activity. Also, Huang et al.(Huang et al., 2008) have 
shown the activity of PKS pathway of producing DHA in Schizochytrium sp. FJU-
512 using cDNA library analysis.  
Thus, this study marks the first approach to the gene regulation in Thraustochytrids 
using real-time PCR analysis.   
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Chapter 6: Conclusion 
6.1 Summary 
The aims of this thesis were to identify and analyze both physiological and molecular 
biological features of Thraustochytrids as an industrially important microorganism 
for commercial polyunsaturated fatty acid production. The project involved in 
analyzing the physical features of these organisms for successful preservation and 
identification, improvements in the total genomic DNA extraction, establishing the 
basis of a successful identification and classification system and the assessment of 
environmental stress as a regulator for gene expression.  
To fulfill the first aim, a system of DNA based “finger prints” was established using 
the RAPD-PCR method. In addition 18S rDNA analysis was completed to permit the 
identification of Thraustochytrids. Complete 18S rDNA sequences for a set of 
unknown isolates were described for the first time. This is valuable data, since 
current identification of Thraustochytrids is mainly based on 18S rDNA analysis, and 
considering that reference to the GenBank sequence data is restricted by the partial 
nature of the sequences that are present, making it difficult to identify 
Thraustochytrids even to genus level, much less species level. The contribution of 
complete data will contribute to the successful identification of unknown 
Thraustochytrids by reference to GenBank, a task that has not been previously 
possible.  
The second aim was to elaborate on the best preservation methods and genomic 
DNA/RNA extraction methods related to Thraustochytrids. As these organisms are 
relatively new to scientific research, protocols for handling them have been adapted 
from various sources including yeasts, plants, and bacteria. The outcomes of this 
study were significant as they constituted the first studies carried out in order to 
optimize the methods for preservation and DNA extraction for these organisms 
specifically.  The objectives of this aim were successfully met. A method for the use 
of beads as a preservation system for Thraustochytrids was developed, which should 
remove these organisms from the world-wide list of being “recalcitrant” from a 
storage point of view. The importance of culture age at the time of storage was 
identified as a critical factor in viable culture recovery. This factor has not previously 
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been studied or published, as most published papers involving these organisms do 
not even state the culture age, much less recognize it as a vital constant in 
storage/recovery experiments.  
The third aim introduced the use of real-time PCR for the gene expression regulation 
in Thraustochytrids. This method was successfully used to analyze the PUFA 
production regulation using environmental stressors. The method was able to provide 
details and the degree of effects by stress conditions on the expression of Δ5-
desaturase gene expression.  The application of real-time PCR for assessing the stress 
mediated gene regulation was found to be valid and useful. Due to the specificity of 
the primers used it is important to note that this method is valid to assess the effect of 
environmental stress on multiple numbers of genes in the FAS pathway that includes 
both elongases and desaturases, also in the PKS pathway. 
This project is important for the study of Australian Thraustochytrids in a number of 
ways. It recommends easy and cost effective preservation methods for small to large 
cell culture collections for appropriate use with Thraustochytrids. It also introduces 
an improved DNA extraction method compared to the expensive and low quality and 
yielding methods described in earlier publications. It was also shown the importance 
of the measurement of growth phase of the organisms as a measure of ensuring 
preservation viability.  
This report confirms the use 18S rDNA analysis as a successful identification and 
classification tool, dependent on the availability of complete sequences in GenBank, 
and has made contribution to that source of a number of complete sequences.  The 
use of RAPD-PCR fingerprints was tested, and shown to be of limited value, 
although worth pursuing in future research. Real-time PCR was successfully used as 
a tool for the analysis of gene expression in the selected organisms. This records the 
first study into environmental stress-mediated gene regulation in Thraustochytrids 
with respect to their PUFA producing genes. 
Abstracts and posters of both preservation and DNA extraction methods were 
accepted and featured (in absentia) in the Society for General Microbiology Spring 
Conference 2012, Dublin, Republic of Ireland (March 26-29, 2012). 
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6.2 Future Directions 
The effects of environmental conditions on all genes involved in the PUFA bio- 
synthesis will provide the best means of growing the organisms for maximum PUFA 
yield. It will also assist in the production of transgenic or modified organisms with 
high production capability for such oils. It will also be interesting to study the effects 
of different stressors on different stages in the PUFA synthesis pathway as a means 
of capitalising on different end products.  
There is a great potential in the field of PUFA production by these protists in 
Australia. As a single large continent, Australia is surrounded by both Indian and 
Pacific oceans and there is a variation in the chemical and physical conditions 
prevailing in different parts of these oceans. These conditions include oxygen levels, 
temperature, sunlight, salinity, dissolved nitrogen and pH ranges. As shown in the 
chapter 5 these conditions favour the growth and other metabolic activities of 
organisms, thus a vast diversity of adaptations.  
Since Thraustochytrids are marine protists it is possible that many of them are 
thriving in these environments and have developed regional variations according to 
the environmental conditions to which they are subjected. These variations are very 
likely to include the expression of certain genes and their subsequent end-products. 
The aerobic fatty acid synthase and the anaerobic polyketide synthase pathways of 
PUFA biosynthesis by Thraustochytrids involve large number of fatty acids as 
intermediates and end products. These intermediates, end products and precursors 
have been proven to have different nutritional and health related uses for humans. 
Therefore, understanding the production of these components under different 
environmental conditions is an important aspect of commercialization of these 
organisms. The use of technologies such as real-time PCR for the analysis of the 
gene expression in Thraustochytrids provides accurate and highly credible 
information which can be used to enhance the industrial production of PUFA by 
these organisms.  
The modifications recommended for the identification and classification of 
Thraustochytrids will assist in the field of bio-prospecting for these organisms in 
order to carry out commercial exploitation. In particular, the recognition of closely 
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related genera and regional variations related to PUFA producing genes as compared 
to housekeeping genes will assist in finding suitable candidates for specific PUFAs.  
Therefore this project records a number of essential requirements for the study of 
Thraustochytrids and will be of great use of future research into these organisms. 
Although the data generated were limited to Australian Thraustochytrids, together 
with ATCC control cultures, the knowledge is transferable, provided the standards 
described in the respective methods are kept unchanged. As the demand for the 
PUFA is growing exponentially researchers and industries around the world 
(including Australia) have been pushed to explore the alternatives and the primary 
producers of these oils. Therefore, this project provides substantial contribution to 
the knowledge with respect to the development of PUFA commercial production in 
Australia, and potentially world-wide.  
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